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Preface 


The publication of this book marks the completion of the forty-fourth 
volume of the TRANSACTIONS of the American Institute of Electrical 
Engineers. There are contained herein papers and discussions presented 
at six Institute conventions and regional meetings, and printed in the JOURNAL 
during the year 1925. For several years it has been found impossible 
to include in the TRANSACTIONS all of ‘the large amount of material 
presented annually before the Institute. This year a departure from custom 
has been made in that the papers which were reproduced in the JOURNAL 
but not in the TRANSACTIONS have been indexed with the TRANSACTIONS 
contents rather than on a separate page. The improved system of 
indexing which was introduced. last year has been continued in this volume; 
the subjects are classified under general headings chosen with regard to the 
information contained in the papers and in many instances the subjects are 
also cross-referenced. The report of the Board of Directors for the fiscal 
year ending April 30, 1925 and lists of the officers and committeemen for the 
current year are also included. 
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Power-F actor Correction 
By L. W. W. MORROW* 


Member A.I.E.E. 


Synopsis.—Power-factor correction has become a commercial 
problem of major importance, and technical knowledge and correct- 
ive equipment are available to make correction a part of the activities 
of the electrical industry. Field studies on several properties show 
power-factor correction can be obtained without difficulty. 

Conditions can be improved by requiring all new business to 
be installed for high power-factor operation and a cooperative 
movement should be made to bring about this condition. The 
situation on existing systems can be improved in either a wholesale 
or retail manner depending upon conditions. » 


Cost analyses should be made to determine the type of correction 
to use and to decide upon the location of corrective equipment. 
But they should not be used for rate making purposes. A study of 
the types of systems in existence shows that in general correction 
is most economically and most. effectively instituted at the loads. 
Also experience indicates the greatest effect of correction is to 
improve voltage regulation and service quality. 

Different types of rates and billing methods have been used, but 
a study of the art shows the kv-a. demand charge and the kw. energy 
charge can be used most successfully to secure power-factor correction. 


HE effects of low power factor on the operations 
bi of the electrical industry have been discussed 

for many years and much experience in the insti- 
tution of corrective measures has been had. Yet on 
an industry-wide scale the evils associated with low- 
power-factor conditions become greater each year, 
even though the incentives for the institution of 
corrective measures increase. Low power factor has 
come to be recognized as the major handicap to better 
and more efficient electric service, and men of the 
industry are striving actively for a commercial and 
engineering method for its correction. 

An analysis of the data and experiences of those 
properties which have instituted power-factor cor- 
rection leads to the conclusion that operation under 
high-power-factor conditions improves both the 
quality and the efficiency of the service rendered 
by the utilities and used by their customers. Cor- 
rection of power factor has its greatest influence in 
improving the voltage regulation and through this 
action enables the utility to give better service and 
the customers to secure better use of the service. 
Secondary. gains resulting from power-factor cor- 
rection consist of the release of system capacity with 
a consequent reduction in investment and a reduction 
in system losses with a resultant reduction in operating 
charges. Thus correction tunes the system and makes 
it cheaper and easier to give service of the quality 
desired in modern industry. 

Actual experience shows that power-factor cor- 
rection can be instituted successfully as a part of 
the business activities of light and power companies 
and as a part of the normal operating activities of 
industrial users of electricity. It does not require 
an elaborate ‘or costly departure from customary 
business ‘activities, and it secures returns to the pro- 
ducer and the user whose value is tangible and worth 
while. Yet little actual progress in power-factor 
correction can be seen because of many obstacles, 
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mostly imaginary, set up in the minds of executives, 
engineers and customers. Some of these are: the 
inertia encountered when proposing any changes in a 
going business which is prosperous and follows time- 
tried methods; difficulties met in attempting to evaluate 
the costs of either low or high power-factor operation; 
fears introduced by the necessity for instituting new or 
changed rates and billing methods; difficulties 
encountered in attempts to make people understand the 
meaning of power factor; obstacles encountered in 
attempts to devise a correction scheme for universal 
application, and technical difficulties met in con- 
nection with the selection and location of corrective 
equipment. The literature of the industry is filled 
with objections to power-factor corrective measures 
and with elaborate technical and cost analysis, and 
very few data or opinions of a constructive character 
have been obtained to show that most of the 
obstacles to correction result from misconceptions 
and lack of actual experience with it in commercial 
practise. 

The tact is that many properties have instituted 
correction successfully and made it a profitable part 
of their business. They have done this without any 
difficulty and did not find any great complexity or 
major changes introduced in their operating routine. 
Thus the time is ripe and the methods are available 
for eliminating low-power-factor conditions in the 
electrical industry. The rewards are ample, and the 
necessity for this move becomes greater#with the 
growth of electrical systems. 


Correction is a business problem and not a tech- 
nical problem. The technical features of power- 
factor discussions begin nowhere and end at the same 
place, and they have little if anything to do with the 
business-like application of corrective measures. No 
one can define electricity or power factor, yet definite 
laws enable engineers to use resistance, inductance 
and capacity in circuits or in machines to secure any 
desired power factor at any definite place. Also, 
engineers understand fully the influence of lagging and 
leading current on system regulation and machine 
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stability. Technical mastery of power factor prevails, 
and what is needed is commercial mastery. 

In order to obtain commercial mastery two sug- 
gestions are offered which will apply to every electrical 
system: 

1. Require high-power-factor operation of all new 
business served. 

2. Correct low-power-factor conditions on existing 
systems either: (a) promptly and in a wholesale manner, 
or (b) slowly and by steps. 


MAKE NEW BUSINESS GOOD BUSINESS 


Any consideration of the first suggestion, in the light 
of the growth of the electrical industry and the increas- 
ing importance of service quality, shows its logic, and 
there remains then the use of definite methods to secure 
the desired results. 

A light and power company is a public utility and 
cannot enforce any rule requiring customers to in- 
stall high-power-factor equipment before it will give 
service, so this direct and: self-evident method must 
be replaced by methods which are cooperative and 
educational in character, The job requires the co- 
operation of utility men, electrical manufacturers 
and customers and must be done for each new business 
prospect on each property, and in addition work must 
be done on a national basis. It is not a difficult 
task, for both means and methods are available for 
doing the work quickly and efficiently. 

The cooperative element in the work calls for: 

1. Closer contact between central-station power 
salesmen and prospective customers whereby guid- 
ance and expert knowledge are made available to 
customers. 

2. Closer contact between central-station execu- 
tives and electrical manufacturers so the manufacturers 
may be encouraged to build high-power-factor equip- 
ment and to sell this equipment on a qualityrather than 
a price basis and with greater consideration for the 
engineering requirements of the purchaser. 

These two cooperative suggestions are already in 
operation in large degree, but conscious executive 
attention should be given to their application in 
order to secure complete commercial results rapidly. 
The job requires that each new customer install avail- 
able electrical equipment from the standpoint of his own 
economic production requirements. Both power factor 
and quality apparatus will inevitably follow every real 
economic analysis of an industrial electrical application, 
and central-station men and manufacturers’ representa- 
tives must give up the slogan that any new business is 
good business and do more to help their customers 
secure quality service and cooperate more closely to 
sell quality -equipment. It would seem easy to or- 
ganize a local cooperative committee for each utility 
to secure the desired results. This would be composed 
of power salesmen, electrical manufacturers’ representa- 
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tives, electrical contractors, and perhaps consulting 
engineers, and might well be part of the activities of the 
local electrical leagues already instituted in so many 
cities. National agencies are already available in the 
N. E. L, A., Power Club and other associations, but 
their attention must be given to this problem. ~ 

There is no handicap to the manufacture and sale 
of electrical equipment and service on a quality rather 
than a price basis in an industry whose product is 
popular, is necessary to industry and is the cheapest 
and best element ever introduced into industrial proces- 
ses. When the cost of power is such a small fraction 
of the cost of manufacture of most industrial products, 
it is false economy to talk first cost of service or of 
equipment to purchasers. 

Thus very little organized effort should institute 
as industry-wide practise the custom of obtaining 
only high-power-factor business in each new load 
added to existing systems. The principle to apply 
is that service to customers should be given before 
they install equipment and ask for electrical energy 
from a utility. 


THE CORRECTION OF E:XISTING CONDITIONS 


The second suggestion for power-factor correction 
is that existing conditions be bettered either by making 
corrections quickly on a wholesale basis or by improving 
conditions slowly and in steps. In many respects the 
slow and detailed method is best for those systems in- 
experienced in correction, but past experiences show 
that it is not difficult to do the whole job quickly on the 
entire system provided proper analyses are made and 
workable methods are adopted before correction is 
actually instituted. Whatever decision is made has 
little influence upon the methods used or the results 
obtained and predominantly influences only the time 
required to secure improvements in conditions. The 
situation on each system will determine the best pro- 
cedure to use, for operating and financial requirements 
must be met by individual properties. 

Three things only are needed to institute correction 
on an existing system: 

1. Decisions as to the location of corrective 
equipment. ; 

2. Decisions as to the corrective equipment to 
be used. 

3. The establishment of a rate system which 
takes power factor directly or indirectly into account. 

The first two requirements largely involve engineering 
and economic data and decisions to be secured within a 
utility organization, but the third requirement must 
take into consideration the utility, the customers and 
the regulatory commissions and involves public rela- 
tions, economies and education. 


LOCATIONS FOR CORRECTIVE EQUIPMENT 


A study to determine the locations in which to 
install corrective equipment on existing systems 
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shows that the decision is somewhat influenced by 
the type of system and by local conditions. Usually 
corrective equipment should be located at all low- 
power-factor loads, in some cases at substations at 
a distance from generating stations, particularly 
if voltage regulation is desirable, and in very few 
instances in generating stations. The source of low 
power factor is at the load, and analyses will show 
that corrective equipment is best and most economic- 
ally used in this location. 

Some of the types of systems encountered in this 
country and some of the elements faced in locating 
corrective equipment are enumerated below: 

1. A hydroelectric system containing long high- 
voltage transmission lines with one or more distri- 
bution systems located at the ends of the lines. 

2. A combination system having both steam and 
hydro stations, many high-tension lines and widely 
distributed load centers. 

3. A hydroelectric system with standby steam 
stations containing capacity idle a great part of the 
time and made up of networks of high- tension lines 
supplying a scattered territory. 

4. A metropolitan system containing several 
_ large steam stations and made up of both overhead 
and underground transmission circuits. 

5. A system already operating and designed for 
a power factor of 80 to 85 per cent. 

6. A system designed to operate at a power factor 
of 90 to 95 per cent. 

7. Systems which are growing rapidly in magni- 
tude of load and extent of territory covered and those 
which have reserve capacity through interconnections. 

It is seen that each system is a specific study for 
power-factor correction at other places than at the 
load sources of low power factor, and the choice of 
location of corrective equipment at other locations 
must be made after economic and operating studies. 
The making of cost evaluations for.a particular system 
should be decided upon only after careful study, for 
they are difficult and are useful only in serving as 
guides for the location of corrective equipment. They 
serve no purpose in rate making as cost-of-service rates 
are now obsolete in the utility industry. However, 
if cost analysis are desired in some cases, the usual 
approach to determining fixed and operating charges 
is to evaluate the cost of capacity and of losses in 
generating stations, transmission lines, substations, 
transformers and distribution systems. 


GENERATING STATION CORRECTION 


The evaluation of the reduction of the reactive- 
kv-a. load on a generating station due to power- 
factor correction. is difficult because so many condi- 
tions must be considered. There is much more to 
the problem than raising a station power factor from 
70 per cent to 90 per cent in order to make available 
approximately 20 per cent increase in station capacity. 
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In hydroelectric plants it is usually desirable to 
have reactive kv-a. available for line regulation, and 
in addition it is usual to find an excess of capacity 
installed in order to meet stream-flow conditions. 
Therefore, generally, no value can be placed on power- 
factor correction for such stations. Also, in large 
systems using steam and hydro stations in combination 
with interconnected high-tension lines, lagging current 
is often an operating asset, and in this case also correc- 
tion is seldom or ever desirable for generating stations. 

In the large steam stations feeding a power sys- 
tem concentrated in a comparatively small area 
power-factor correction may improve regulation and 
operation, but here again the savings in station costs 
are sometimes very small and must be evaluated for 
the conditions encountered. These plants are usually 
designed for 85 to 90 per cent power-factor  oper- 
ation at the stations, and a little study will show 
that cost decreases are difficult to secure. Offhand 
it may be said that every kv-a. of station capacity 
means the release of fixed charges on at least $6.00 of 
investment and every reduction of a per cent in losses 
from the normal 2 per cent of output kw-hr. can be 
credited in dollars and cents of operating charge. But 
there are some other factors that must be considered 
before these sums mean anything or will stand the 
examination of a court or commission; for example, 
in connection with stations in modern systems: 

(a) Most systems increase their installed station 
capacity in units of large size and seldom permit 
their peak to approach a value equal to installed 
capacity. For example, station additions are made 
in units of 30,000 kw. up to 200,000 kw. and ample 
reserve is held at all times. 

(b) Every metropolitan system sta introduces 
large losses into its normal operations in order to 
insure reliability of service; for example: 

(1) A station having several large units is likely 
to continue all of them in operation even at very 
light load in order to reduce the starting hazard and 
the time element involved in warming up a large 
unit and synchronizing it with the system. 

(2) In order to control voltage and load division, 
it is common practise on systems having multiple 
stations to operate generating units with large 
lagging or leading currents. 

(c) It is a difficult, if not impossible, task to deter- 
mine actual station power-factor conditions during 
a twenty-four-hour period for the different stations 
in a large metropolitan network. Any method of 
determining power factor and of determining the 
value of losses is subject to criticism as to its tech- 
nical accuracy, and the values obtained cannot be 
divided easily between power factor, load division 
and regulation requirements. In fact, for a given 
load power factor as defined and as measured by dif- 
ferent methods will vary 10 to 30 per cent in value. 
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The actual capacity cost of the reactive load on a 
generating station not loaded to capacity is usually 
very little even though the cost of the increased capacity 
of alternators, exciters, switch gear, busses and building 
is determined. Seldom would this cost exceed $6.00 per 
reactive kv-a., and any added operating expense due to 
low power factor is very debatable. For some specific 
installations, however, where the peak load is equal to 
the station capacity or where the load power factor is 
lower than that for which the station equipment was 
designed, it may be well to institute power-factor 
correction as a temporary economical expedient for 
securing capacity to carry the load. Load factors, 
future system growth and other elements, however, 
must be considered. 

In most other cases, however, it is cheaper and 
easier to buy, install and operate alternators, busses 
and exciters with a higher rating than it is to buy, 
install and operate corrective equipment and its con- 
trol. For example, the increment cost of a 35,000-kv-a. 
alternator over a 30,000-kv-a. unit as compared to the 
cost of a 5000-kv-a. synchronous condenser and its 
control equipment is in favorof the alternator. Inmost 
stations generating capacity can usually be obtained 
more cheaply than by the use of corrective equipment. 

Very few operating costs are affected by low power 
factor because the copper losses inside a station amount 
to an inappreciable sum. At light load the usually 
lowest power-factor condition increases the losses in 
proportion to the kw. output. This indicates the ad- 
visability of fixing a power-factor charge that varies 
with output. This charge should be greatest at 
minimum-load conditions in some cases and at peak- 
load conditions in other cases. A very small increment 
in energy charges seems the only businesslike way to 
cover these station losses due to low power factor as at 
a maximum they comprise only 2 or 3 per cent of the 
system losses. 

The practical possibility and the dollar value of 
regulation by power-factor correction inside large 
steam stations is very dubious. The unit type of 
installation with the unit bus and a group of feeders 
for each unit has become popular, and it is difficult to 
conceive of this type of station operating with all 
busses in parallel at one voltage or to devise a switching 
and bus arrangement for throwing the synchronous 
condenser on any feeder requiring regulation. In 
addition, the cost of the corrective equipment used for 
regulation exceeds that of voltage regulators, which 
have the added advantages of being automatic in their 
operation and of having a greater voltage range. 

In the general case, therefore, seldom will it be found 
economical to institute power-factor correction in 
generating stations. 


SUBSTATION CORRECTION 


The installation of corrective equipment at sub- 
stations reduces the kv-a. load on transmission lines 


Transactions A. I. E. E. 


and transformers between the substations and the 
generating stations and improves the voltage regula- 
tion. This would seem desirable in all cases, but a little 
study shows it is often very uneconomical and usually 
not the best way to secure complete correction. 

In modern systems reliability of service, provision 
for future growth and maintenance practises dictate 
the use of multiple feeders to substations and multiple 
transformer installations. Also, modern practise tends 
to the use of standardized ratings for lines and trans- 
formers on the transmission system. These require- 
ments call for the installation of a greater number and a 
excess of line and transformer capacity, which makes it 
very difficult to show the economic value of substation 
corrective equipment. 

Moreover, it must be borne in mind that future . 
load requirements, structural needs and legal limita- 
tions have a direct bearing on both overhead and 
underground line installations. The overhead line 
must have a certain size of pole, a conductor suffi- 
ciently large to be strong mechanically, a large number 
of poles per mile and very often a legal voltage limita- 
tion. These elements often must be weighed carefully 
when discussing the release of line capacity by the use of 
substation corrective equipmént. In underground 
cable installations it has become customary to install 
reserve ducts and cables and to standardize greatly, so 
the number and the capacity of installed cables at a 
given time is very often determined by other things than 
the magnitude of the kv-a. loads. It must be considered, 
however, that the overload capacity of an overhead 
line is very great as compared with that of cables and 
transformers. 

Thus any cable or transformer that has reached 
its limit in capacity while operating at a low power 
factor is capable of carrying an increased load and 
consequently earning more revenue if correction is 
applied at substations. The cost of the corrective 
equipment may be less than the installation of an- 
other line and more transformers, and regulation 
is improved, so that more load may be carried on a 
given circuit. In other words, correction will, for 
the same line loss, increase either the economic dis- 
tance of transmission or the amount of load possible to 
transmit. In such cases the substation correction may 
be economical, but it is an expense which must be paid 
for in fixed charges, while a new line provides a revenue- 
producing and. useful element for the present and future 
system. A system using a ring high-tension network 
and having multiple generating stations and several 
large substations on the ring may use corrective equip- 
ment in distant substations to advantage to reduce 
losses, release capacity and control regulation, but the 
economic value of this practise must be ascertained for 
each particular case. 

Thus in very few cases will the release of system 
capacity. justify substation correction; therefore, either 
decreased losses or improved regulation must be evalu- 
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ated to make a case. The reduction in line and trans- 
former losses by the use of corrective equipment 
increases the load at which the investment cost per 
kv-a. transmitted is a minimum and reduces the direct 
operating cost of energy losses. On an average system 
the line energy losses will be around 10 per cent of the 
total output while the transformer losses should not 
exceed 5 per cent. These losses therefore represent a 
direct money loss, which, if reduced, results in an 
appreciable saving. Assuming that correction decreases 
these losses even 20 per cent, it often becomes profitable 
to install corrective equipment. 

For example: Assume an energy cost of 1 cent per 
kw-hr. and a system output of 100,000,000 kw-hr. with 
total losses of 15 per cent in lines and transformers. 
If it is assumed correction will reduce the losses 20 per 
cent, the yearly value of correction is: 100,000,000 
x0.15 x 0.20 < 0.01 = $30,000, or a return of 15 per 
cent on an investment of $200,000. 

Losses in corrective equipment must be considered 
in a financial analysis of this character and their 
cost determined. If synchronous condensers should 
be used, this value would be changed, since the con- 
denser has losses which must be charged against thesav- 
ing produced in lines and transformers. If static con- 
densers are used, the value of the losses in the corrective 
equipment is very small. In either case, particularly if 
the voltage at thesubstation is high, the lossesin the trans- 
former bank supplying the corrective equipment should 
be evaluated and charged against the cost of correction. 

The general conclusion is that substation correction, 
considering the value of losses, capacity and regulation, 
is usually warranted for those substations located at. a 
distance from generating stations, at least as a tem- 
porary move, until full consumer correction has been 
established. 

CONSUMER CORRECTION 

The analysis for determining the proper location 
of corrective equipment leads inevitably to the con- 
clusion that most of it should be placed on the premises 
of consumers and that consumers using high-power- 
factor equipment are operating most economically from 
their own standpoint and from that of the central sta- 
tion. From the angle of the central-station consumer 
correction relieves the system of the necessity for cor- 
rection at other locations, releases the transformer and 
cable capacity where it is most valuablefromincomeand 
load-factor standpoints, reduces losses where they are 
greatest and improves regulation where it is most 
desirable to have good regulation. 

From the angle of the consumer correction of his 
equipment or the replacement of low-power-factor 
equipment with high-power-factor equipment will 
secure several tangible and intangible results. It will 
reduce the losses inside his premises, for which he pays 
a high rate; it will improve his voltage regulation and 
reduce his voltage drop, so that his machinery will 
operate faster and more smoothly; it will give him 
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better-quality production, better lighting, fewer re- 
jections of manufactured product, faster machine- 
starting conditions and secure for him a direct decrease 
in his power bill if he buys under a proper rate system. 

Experience shows that operating complexity is not 
increased and that the industrial plant corrected for 
bad power-factor conditions reaps very decided tangible 
and intangible benefits. Needless to say, it is useless to 
attempt an itemized cost evaluation for correction at 
load locations, because the complexity of modern dis- 
tribution systems, the variety of loads and services and 
the many assumptions necessarily made all combine to 
give inaccurate results. In a broad way, however, 
based on the actual cost of the distribution system, the 
cost of voltage regulation and the cost of losses, an 
analysis in dollars will show very decided inducements 
for investing power-factor correction at the source. 


KINDS OF CORRECTIVE EQUIPMENT 


The corrective equipment to install at locations 
decided upon is determined largely by each local 
situation, but there are applications for all available 
types at low-power-factor loads, 7. e.: 

(a) Thesynchronous motor ° 

(b) The synchronous condenser 

(c) The high-power-factor commutating motor of 
the Fynn-Weichsel type 

(d) The static condenser 

Investment charges on existing installations, pro- 
duction requirements, fixed and operating charges on 
corrective equipment and the skill required to operate 
the equipment influence the decision to be made for each 
load considered. 

For substation correction the same types of cor- 
rective equipment are available, but the synchronous 
condenser and group static condensers predominate. 
The decision as to which type to use at substations 
is influenced by cost analyses and by load and voltage 
regulation requirements. 

-Experiences on properties give evidence that the 
choice of equipment for correction is quite readily 
made for a particular location. Each system should 
be studied as a whole and each power customer con- 
sidered if good results are desired. The utility engi- 
neers can readily determine the substation correction 
to use, but greater difficulty is encountered in the 
correction of power customers. ‘The installation of 
each customer must be studied in detail if a real engi- 
neering job is to be done, and this requires time, 
skilled engineering and an expenditure of money. 
Production processes, motorization, wiring and testing 
are elements in the study, and a great deal of education 
and cooperation must be had. For these reasons a 
slow process of customer correction is usually advisable. 
Utility power salesmen, consulting engineers, factory 
engineers and electrical manufacturers’ salesmen and 
engineers should cooperate in these customer studies. 
In actual practise no great difficulty or high costs have 
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been encountered in attempts to institute customer 
corrections, because the great majority of them can 
be made adequately by an over-all factory test or by 
competent engineering inspection. Very frequently 
zone studies or piecemeal areas are corrected with 
very little trouble. 
POWER-FACTOR RATES 

Electric service is a business and as such must 
institute power-factor correction as a part of busi- 
ness activity. Thus, a rate of some form must be 
used to secure power-factor correction, and it also 
follows that metering and billing accompany the 
institution of a rate. Experience with energy and 
power-factor rates over many years shows that com- 
mercial rates cannot be made upon the basis of cost 
of service. Experience also shows that financial 
inducements are the best stimuli to industrial ac- 
complishments. Rates, billing systems and meter- 
ing methods are largely matters of tradition and 
commercial application, but should be simple, under- 
standable and easy to use in business. 

When alternating current was first used the 
wonderful Thomson-Houston meter was invented 
and installed. This meter measured watt-hours and 


eliminated the necessity of measuring ampere-hours | 


and multiplying by the normal voltage of the service 
as had hitherto been practised. It was an ideal in- 
strument for measuring lighting loads, and no 
thought was taken on its ultimate effects on the 
utility business. Rates were made on a watt-hour 
basis and the cheap, accurate watt-hour meter be- 
came the standard measuring device for electric 
service. Then came the induction motor and it was 
early noticed that the product of current and volt- 
age did not equal the registration of the meter. 
Thus power factor was discovered, and until recently 
the utilities decided that it was better to suffer its 
effects than to attempt to improve conditions or to 
charge for service by methods involving the use of 
other units thanwatt-hours. Power factor was difficult 
to define accurately, difficult to measure and still more 
difficult to explain to customers and executives. 
However, there is a tendency today actually to 
measure power factor or to meter customers by 
methods which will take power factor into account. 
The first trend is indicated by the development of 
kv-a. meters, the use of reactive and active watt- 
hour meters and the use of power-factor meters. 
Any of these meters or metering methods are sub- 
ject to objections from an economic, a technical and 
an operating standpoint. The cost, the complexity 
of the billing and the difficulty of obtaining and 
maintaining reliable and accurate measurements by 
any of these means have so far. prohibited their use 
except for large power customers having a_ tech- 
nical staff or sufficient consumption to warrant the 
cost and the trouble. Nothing very promising is on 
the horizon in the way of directly measuring either 
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kv-a. or power factor on a universal commercial basis. 

One metering authority has recently suggested 
that it would be advisable to meter customers on 
the old ampere-hour basis since all service is at 
practically constant voltage and the ampere-hour 
meter, besides being cheap and accurate, is a true 
and readily understood measure of both energy and 
capacity . use. Multiplying’) ampere-hours' by the 
voltage of the supply would permit of billing on a 
ky-a.-hour basis very readily. Thus a system could 
be developed which would use an ampere demand 
meter and an ampere-hour meter only for direct 
measurement on any three-phase or single-phase 
circuit. It is argued that this method is sufficiently 
accurate, is easy to institute, is logical and that its 
results compare well in accuracy with those from 
any existing method of measurement. 

The ultimate approach to power-factor correction 
for customers is by means of rate making. This 
has generally taken the form of: 

(a) The use of power-factor clauses 

(b) The use of kv-a. demand clauses 

(c) The use of kv-a.-hour clauses 

(d) A combination of two of the foregoing 

All these methods have been used and all have 
worked more or less successfully, but all are sub- 
ject to very definite criticisms. Years of effort 
proved the impossibility of developing utility rate 
on a cost-of-service basis, and, however reluctantly, 
rate makers have admitted its impossibility and. 
impracticability for modern conditions of utility 
service. No cost-of-service basis can be found, there- 
fore, for the making of any type of power-factor rate, 
and each property must evolve a rate which can be 
instituted and operated to suit conditions encountered. 
A fundamental in power-factor rate making would be 
to secure asimplerate, one that could beapplied to all cus- 
tomers, one that needed little maintenance or super- 
vision and one that offered a financial inducement to cus- 
tomers to maintain and correct power-factor conditions. 

Viewing the art in its technical and commercial 
aspects and basing opinions on practical experiences, 
the best form of power rate today should use a kv-a. 
demand charge to cover capacity costs and an energy 
charge to cover production costs. Power factor, as 
such, should not appear in the costomer rates, but 
should be accounted for in the kv-a. demand charge. 
This rate can be used to secure power-factor correction 
on any system very satisfactorily and does not neces- 
sarily involve the use of a kv-a. demand meter. Power 
customers can be tested under normal operating con- 
ditions, and the power contract can then be written for 
a period of time with a kw-hr. meter and a kw. demand 
meter to serve as checks and for energy billing. In 
other cases the installation of a power-factor meter 
normally out of circuit, in combination with ordinary — 
watt-hour meters can be used to check eustomer 
conditions and to meet billing requirements. 
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However, every type of power-factor rate has been 
used and used successfully, so the necessity of a rate 
to secure power-factor correction is not a real obstacle 
to the institution of correction. It must be 
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remembered that grand average results only are 
to be expected and that precision methods and 
analyses must be modified by commercial consider- 
ations. 


A New Alternating-Current General-Purpose 
Motor 


BY H. WEICHSEL' 


Fellow, A. I. E. E. 


ROM the first days of the successful commercial 
introduction of the a-c. system of distribution 
down to a comparatively recent date, all forms of 

general purpose a-c. motors have in one way or another 
been subject to serious objection from the standpoint 
of approaching the engineer’s ideal of satisfactory’ de- 
sign and performance. 

Speaking in general terms, the types of a-c. motors 
available for general purpose use have been as follows: 

1. The well-known squirrel-cage motor. 

2. The induction motor with wound secondary. 

3. The conventional form of synchronous motor. 

The squirrel-cage motor, while very simple in con- 
struction, has relatively poor starting performance, 
and its design characteristics are frequently subordi- 
nated to the starting-load requirements rather than to 
best performance under normal running conditions. 

The wound-secondary-induction motor is free from 
the defect of inadequate starting torque, but shares 
with the squirrel-cage motor the very serious defect 
of drawing from the line, under all operating condi- 
tions; a very heavy magnetizing current. This, as is 
well known, results in the operation of both forms of 
motor with a lagging power factor. When built for 
high or moderate speeds, the power factor at full load 
is reasonably satisfactory, but decreases rapidly with 
decreasing load. For slow-speed motors of both types, 
the power factor, even at full load, isvery unsatisfactory, 
and is correspondingly lower at fractional loads. 

The power factor of the circuit supplying energy to 
an installation of induction motors is usually consider- 
ably below unity due to the following: 

The installation contains a number of slow-speed 
motors. Occasionally no high-speed motors are used 
at all. The majority of motors installed operate below 
full load and consequently with poor power factor. 


This is particularly true in cases where squirrel-cage’ 


motors are used. The size of these motors as men- 
tioned above, is frequently larger than really required 
for the actual running load for the sole purpose of ob- 

1. Chief Designing Engr., Wagner Electric Corp., St. Louis, 
Mo. 
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taining satisfactory starting conditions. Consequently 
these motors operate at low power factor, because they 
are only partly loaded. 

The serious operating difficulties and the excess in- 
vestment and operating costs resulting from poor 
power factor are fully understood and will not be dis- 
cussed in this paper. 

While the pronounced pole-synchronous motors are 
free of the shortcoming of poor power factor, they have 
unfortunately a number of other deficiencies which have 
prevented them from being used as general purpose 
motors. The main objections to this type of motor 
for general purpose are: 

1. The starting performance is poor. 

2. A separate d-c. excitation is required, which 
must be obtained from either a separate exciter or from 
an independent d-c. supply. 

3. The machines are not well suited to loads which 
fluctuate very materially and often exceed consider- 
ably the normal rating of the machine. 

The electrical industry has long appreciated the 
importance of the development of a new form of motor 
which would preserve the satisfactory features of the 
well-known conventional types, and, at the same time, 
be free from their very obvious disadvantages. In 
recent years the demand for such a new motor has 
been growing much more insistent, and the time is 
now at hand when the central-station section of the 
industry is urgently demanding such a motor. 

The company with which the author is identified 
has, after many years’of research work, developed a 
new type of motor which approaches to a remarkable 
degree, an ideal design, preserving the good character- 
istics of both the induction and the synchronous 
motor, yet free from their most serious shortcomings. 
This new machine, which is known under the name of 
the Fynn-Weichsel motor, is the subject of this paper. 

The outstanding characteristics of this new motor 
may be stated as follows: 

1. It operates over the whole normal working 
range with leading or unity power factor. 

2. When operated in parallel with induction motors, 
the leading power factor of this new motor counteracts 
the lagging power factor of the induction motors. 
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3. The starting characteristics are as excellent as 
those of an induction motor with wound secondary. 

4. It is able to operate at very heavy temporary 
overloads. 


Fig. 1—100-u. p., E1igut-Pown, 60-Cycin, THREE-PHASE 


MorTor 


5. From no load to about 150 to 200 per cent load, 
the machine operates as a synchronous motor. When 
the load increases beyond these values, it operates as 
an induction motor, and if the load is again decreased 


2—SrTator oF 100-n. p., E1gHtT-Pouz, 60-Cyrciz, 
TuHrREE-PHASE Motor 


Fig. 


to values in the neighborhood of 150 to 200 per cent 
of normal, it automatically returns to synchronous 
operation. 

Fig. 1 presents a view of a 100 h. p., 900 rev. per min. 
machine of this new type. 


Fie. 3—Roror or 100 u. p., E1gat-Pors, 60-Crcin, THREE- 


Puase Moror 


Fig. 2 exhibits a view of the stator. 

Fig. 3 shows the rotor construction. 

The rotor is provided with slip-rings and a relatively 
small commutator... The rotor laminations are pro- 
vided with slots on the circumference and carry two 
windings. In the bottom of the slots, is located a small 
d-c winding which is connected to the commutator; 
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and in the top of the same slots is a standard poly- 
phrase winding which is connected to the slip-rings. 

In the larger units the slip-rings and commutators 
are arranged on opposite ends of the armature; and 
in the smaller units, both of these members are located 
on the same side. In either case, the a-c. rotor winding 
is connected through the slip-rings to the a-c. supply line. 

The stator is built of laminated iron with slots in 
the inner circumference which gives a general appear- 
ance similar to that of a standard induction motor, ?7.¢., 
no pronounced poles are used. 


Fie. 4—RuNNING CONNECTION oF FynN-WEICHSEL MorTors 

The stator carries two windings—the field winding, 
F, and the auxiliary winding, A, which are 90 elec- 
trical degrees displaced from each other. These wind- 
ings are of the simplest kind possible. ‘They are wound 
concentric, as is clearly depicted in Fig. 2. 

The normal running connection between the in- 
dividual windings is diagrammatically given in Fig. 4. 
It will be observed that the secondary winding F, 


Starting Connections 


ai 


os = 


HE 


Eres. 7 


located on the stator, is connected in series with the 
brushes riding on the commutator, and that the axis 
of the brushes forms an angle less than 90 deg. with 
the axis of the field-winding F. The secondary wind- 
ing A, also located on the stator, is short-circuited. 
The slip-rings are connected to the line. 

The machine is started by inserting ohmic resistance 
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in the circuits of the windings F and A. Fig. 5A 
illustrates a starting connection which in every respect 
gives the same starting performance as that inherent 
to a slip-ring induction motor. When this machine 
has reached the highest speed possible, and after all 
resistance in the secondary has been cut out, the wind- 
ings are so reorganized as to agree with Fig. 4, which 
illustrates the running connection. 

It is possible to start the machine in the running 
connection by introducing resistance in the A and F 
circuits and leaving the commuted winding in series 
with the F winding. This arrangement is extremely 
simple, and for this reason is used in all medium and 
small size machines. See Fig. 5c. 

Generally speaking, this latter arrangement gives 
starting characteristics very similar to those of a slip- 
ring induction motor, but due to the commuted winding 
being in series with the F' winding, the torque, for a given 
resistance in the secondary circuit,isfavorably influenced. 

This increase in torque grows rapidly with decreasing 
resistance in the rotor circuit. This is caused by the 
voltage, appearing across the commutator brushes, 
which is connected in series with the voltage induced 
in the winding F. 

It will be proved later that the voltage appearing 
across the brushes has the same frequency as the 
voltage induced in the F winding. Therefore, by in- 
jecting this voltage in the F winding, we increase the 
total voltage acting on the F circuit and thereby in- 
crease the current in the circuit over the value which 
would exist at the same speed when the machine is 
operating as an induction motor. This increase in 
current naturally must be followed by an increase in 
torque, or what means the same, for a given useful 
torque the Fynn-Weichsel motor will operate at a 
higher speed than an induction motor when operating 
under otherwise equal conditions. 

This is, roughly speaking, the explanation for the 
Fynn-Weichsel motor’s ability to synchronize auto- 
matically.” 

The synchronizing ability of this motor is excellent 
and, therefore, the machine can be used with advantage 
in cases where heavy mechanical torque or inertia 
loads have to be accelerated to synchronous speed. 

The phenomena which take place during the start- 
ing and synchronizing periods will be discussed some- 
what more in detail in the following: 

With the armature. at rest, a polyphrase voltage is 
impressed on the slip-rings and a rotating magnetic 
field is set up by the armature windings. The speed 
of this field, in respect to a given armature conductor, 
is given by the well-known formula: 


_ 120 X fo 


n 

: p 

2. See paper presented before the Association of Iron and 

Steel Electrical Engineers, Feb. 16, 1924, “‘The Motor that 
Corrects Power-Factor.’’ by H. Weichsel. 
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Mo = Speed of the field in rev. per min. 

fo = frequency of supply circuit. 

p = number of poles. 

As the commuted and a-c windings are located in 
the same slots, the rotating field also cuts the com- 
muted winding and consequently sets up a voltage in 
it. With the armature at rest, the voltage which 
appears across the commutator brushes has the same 
frequency as the line voltage. The phase of the volt- 
age appearing across the brushes depends, however, 
on the relative location of the brush axis in respect to 
a fixed point in space. 

Furthermore, the rotating field cuts the stator 
windings, F' and A, and thereby produces a voltage in 
these windings which also has a frequency equal to 
that of the line so long as the motor is at rest. 

If the axis of the commutator brushes coincides 
with that of the F winding, then the voltage induced 
in the F winding and the voltage appearing across the 
brushes not only have the same frequency but are also 
in phase. This can be seen from Fig. 6, where the com- 
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muted winding is represented in form of a Gramme ring. 

From this figure it will be seen that if a rotating 
field intersects the ring and the F' winding the maxi- 
mum lines are embraced by the winding A-B-C and 
A-D-C at the same moment when the maximum lines 
are embraced by the winding F’, provided the brush 
axis coincides with F axis. 

Therefore, the voltages appearing across the brushes 
and the induced voltage in the F winding must be in 
phase. 

If the secondary windings F and A are closed over 
a resistance, a torque is set up, acting on the armature 
in the well-known manner. This torque, due to the 
fundamental induction laws, has such a direction as 
to rotate the armature in the direction opposite to 
that of the rotating field. Therefore, if the rotating 
field has the velocity of mo in respect to the armature 
conductors, and these latter operate with a speed n, 
in direction opposite to %o, due to the armature torque, 


- then the rotating field has a velocity of m)— n, in 


respect to a fixed point, in space. Therefore, the speed 


with which the secondary windings F and A are cut 


by the magnetic field decreases with increasing arma- 
ture speed, and the frequency of the voltage produced 
in the windings F and A is given by the equation: 


LOR = i ies 
Pe xX fo 
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fo = frequency induced in windings A and F. 7. The induced voltage in the secondary falls from 
fo = line frequency. the value O-H, at standstill of the armature to the 
nN) = speed of rotating field in respect to armature, value of zero when armature operates at synchronous 


expressed in rev. per min. 

Nz = speed of armature, expressed in rev. per min. 

The voltage induced in the secondary is given by 
the equation: 

; No a Nz 
Bes ae 
No 

E, =voltage induced in the secondary when arma- 

ture is at standstill. 


PER CENT, 
INDUCED VOLTAGE IN SECONDARY WINDING 
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PER CENT SYNCHRONOUS SPEED 
7—Orren Circuit VOLTAGE IN SECONDARY WINDING 
AND Across COMMUTATOR 
Eo = Induced Voltage in Field at Standstill 
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Fia. 


= Induced Voltage in Secondary E 
= Volts Across Commutator in percentage of Induced Secondary 
Volts at Standstill 
3 = Volts across Commutator in percentage of Induced Volts 


FE, =voltage induced in the secondary whenarmature 
rotates with speed n,. 

This means that the voltage and frequency in the 
windings F' and A decrease with increasing rotor speed 
and become zero when the armature rotates at syn- 
chronous speed. This is the same simple law which 
governs the voltages in the secondary of an induction 
motor. 

However, the conditions are somewhat different if 
we consider the voltage appearing across the commu- 
tator brushes. The voltage appearing across the 
brushes has a frequency which is determined by the 
velocity of the rotating field in respect to the brushes, 
or what means the same thing, in respect to a 
fixed point in space. Therefore, the frequency across 
the brushes is, for any armature speed, equal to the 
frequency induced in the secondary windings, F and A. 

On the other hand, the magnitude of the voltage 
appearing across the brushes, is determined by the 
velocity with which the rotating field cuts the con- 
ductors of the commuted winding. This velocity is, 
at any armature speed, equal to the synchronous 
speed of the field. Therefore, the voltage appearing 
across the brushes is independent of the armature speed. 

These relations are graphically represented in Fig. 


speed. The voltage across the commutator brushes 
remains fixed, as represented by the horizontal line 
marked No. 2. If the voltage of the F winding is 
connected in series with the voltage across the com- 
mutator brushes, the total voltage will differ by only 
a small amount from the induced voltage in F when 
the armature is at standstill. However, the influence 
of the injected voltage becomes very marked when 
the armature rotates near synchronous speed. The 
expression voltage of the commutator winding, divided 
by the voltage across the F winding, is given by the 
curve No. 3 which shows a very rapid percentage in- 
crease when the armature approaches synchronous 
speed. Therefore, the influence of this commutator 
voltage on the torque characteristics of the machine 
must increase very rapidly with increasing speed of 
the armature, or in other words, with decreasing slip 
of the armature. 

In a standard induction motor the torque produced 
by a phase of the secondary winding is, at any time, pro- 
portional to the product of the current in this winding 
and a voltage of the same frequency as the current, 


Va Maximum Volts induced in 
5 Secondary Phase 1 at standstill 


Maximum Volts induced in 
6 con Phase 2 at standstill 


Fie. 8 
A. V; = Volts Inducedin Second- B. JT: — Torque of Secondary phase 
ary phase 1 at Standstill 2 ; 
T; = Torque of Secondary Iz; — Currentin Secondary phase 
phase 1 2 
I; =Current in Secondary 


phase 1 


the maximum value of the voltage being equal to that. 
of the induced voltage at standstill. The phase re- 
lation between the secondary current and this imagi- 
nary voltage must be selected equal. to that of the cur- 
rent in respect to the actual voltage induced in the 
secondary at the speed under discussion. 

This law is proved in Appendix No. 1. 

Assuming that the secondary winding is of the two- 
phase type, the torque condition in a standard induc- 
tion motor can be represented by the Figs. 8A and 
8B. The line 1-2-3-4 gives the current flowing at any 
moment in the winding of the secondary phase, No. 1. 
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The curve 1-5-3-6-7 represents the imaginary voltage 
with the same frequency as the induced current J,. The 
maximum value of this voltage is 5-8, and is equal to 
the maximum value of the induced voltage in this 
winding with rotor at standstill. 

For the sake of simplicity, we assumed that the cur- 
rent J; and the voltage H are in phase, a condition 
which is always satisfied in an ideal motor without 
leakage reactance and is very nearly satisfied in a 
machine with leakage when the currents do not mate- 
rially exceed the full-load currents. 

The torque at any moment produced by the phase 
No. 1 of the secondary is, according to the above law, 
proportional to the product of the current I, and the 
voltage V, at the same moment. Making this prod- 
uct, the curve marked 7, which is a sine square curve 
is formed. 

Fig. 8B represents the same conditions as Fig. 8A, 
but refers to the torque produced by phase No. 2 of 
the secondary of the induction motor. As the sec- 
ondary was assumed to be wound two-phase, it follows 
that the current in the second phase is 90 electrical 
degrees displaced from the voltage induced in the 
secondary phase No. 1. 


Fig. 8B is identical to Fig. 8A, except that Fig. 8B 
is 90 electrical degrees shifted against Fig. 8A. The 


Fig. 9 —A. Toreguzs Pro- 8B. Torqur. PRopucEeD BY 
DUCED BY SECONDARY WINDING Sxconpary WINDING A 


T2 — Induction Motor Torque T; — Induction Motor Torque 
T; — Torque Due to Interjected I, — Induced Current in Secondary 
Current Winding A 
ZI2 — Induced Current in F Winding 
Ig — Injected Current in Secondary 
Winding F, by commutated 
Winding 
C. TorquE PropucreD By WINDINGS A AND F 
T: +2 — Resultant Torque T; + T2 
T — Final Torque Acting to Produce Rotation 
T+ 72+ 73 
torque 7’. obtained from Fig. 8B is absolutely identical in 
its magnitude to the torque 7',of phase No.1, but when 
the torque due to phase No. 1 is a maximum, the 
torque 7. due to phase No. 2 is a minimum. The 
total torque acting on the machine will be the sum of 
the torque T, and 7.. It is readily-seen that the sum 
of these torque is a constant value at any time. 
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This reasoning assumes that the secondary windings 
have the same resistances, resistances being reduced 
to the same induced voltages. If this assumption is 
not fulfilled, then the maximum torque of phase No. 2 
does not equal the maximum torque of phase No. 1. 
However, the respective’ phase relations of the torque 
curves T, and T. remain as given in Figs. 8A and 8B. 
The total motor torque, 7. e., the sum of torque 7’, and 
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1—Operating as Induction Motor—no External Resistance in Circuit 
2—Sufficient Resistance to Give Maximum Starting Torque 
3—Resistance Necessary to Start 150 per cent. Torque 


T>, in this case, is equal to a constant torque over which 
is superposed a fluctuating torque. The fluctuation 
is of the same frequency as that of torque T; and 7». 
Let us assume that an additional e. m.f. is injected 
into phase 1 and that this injected e. m. f. has the same 
frequency and the same phase relation as the voltage 
1-5-3-6-7 in Fig. 8A, which is redrawn in Fig. 9A. 
A current I; then flows in this circuit, caused by the 
injected e. m. f., in addition to current J; which flows 
due to the induced e.m.f. This injected current J; 
produces at any moment a torque equal to the product 
of the instantaneous value of the current J; and the 
voltage V;. Therefore, the torque due to the injected 
e.m.f. is given by curve 7; in Fig. 9A. This con- 
dition exists when the winding #' and the commuted 
winding are connected in series, as diagrammatically 
indicated in Fig. 9A. 

The conditions in the winding A cannot, in any 
manner, be altered by injecting a current in the wind- 
ing F and therefore the torque produced by the wind- 
ing A remains unaltered and is represented in Fig. 9B. 
The total torque on the armature must be the sum of 
the three torques discussed; Torque 71, due to the 
induced current in winding F’, torque 7’, due to the in- 
duced current in winding A, and torque 7; due to the 
injected current in winding F’. 

By forming this addition from moment to moment, 
we obtain curve marked T in Fig. 9c, which is nothing 
more or less than the constant induction motor torque 
T, plus 72, upon which ts superposed a pulsating torque 
T;, due to the injected current J; in the winding F. 

Knowing the torque relations in the machine at any 
speed, it is possible to derive the speed-torque curves 
of this type of machine during the starting period, as 
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shown in Fig. 10. Let it be assumed that the com- 
mutator voltage e, is 6 per cent of the induced voltage 
in winding F at standstill. Let the curve No. 3, 
represent the speed-torque curve of the machine when 
operating as straight induction motor with sufficient 
resistance in the secondary to give 150 per cent start- 
ing torque. If a voltage of 6 per cent is injected in 
this circuit at standstill, the torque, due to winding 
F, increases 6 per cent, 7. e., from 150 per cent to 159 


per cent. For any other speed, n., the induced voltage 
F i Asec.r in 
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Fig. 11—Torque Due To INJEcTED CuRRENT AS A FUNCTION 


or SLIP 
a. Five per cent. Slip —three ~ per Second in Secondary 
b. 2% percent. Slip—1% ~ per sec. in Secondary 
c. 1% per cent. Slip —0.75 ~ per sec. in Secondary 
d. O Slip —O ~ per sec. in Secondary 


in the winding F' is proportional to, the slip speed, s., 
which equals n,—n,. If the constant voltage, e,, is 
injected into the F' winding, then the current flowing 


60 Sz ae €c 


in the winding will be eae 


as great as it was 
originally, and the torque will be increased in the same 
ratio. For aslip of 20 per cent with an injected voltage 
of 6 per cent, the torque due to winding F’ will have 


0.2 + .06 


become greater in the ratio 0.2 


which equals 
1.3 times its original value. 

When the resistance in the secondary circuit is re- 
duced, the speed torque curve of the machine, as an 
induction motor, assumes the shape of No. 2. By 
performing the above calculation for a number of points, 
curve No. 5 is obtained. 

It will be noticed that the torque of the curve No. 2 
is increased more materially by the injected voltage 
than the torques corresponding to curve No. 3. This 
is simply due to the fact that the curve No. 2 is ob- 
tained with a smaller resistance in the F circuit than 
the resistance corresponding to the curve No. 3. Con- 
sidering curve No. 1, which represents the speed torque 
curve of the motor when no external resistance is in 
the secondary, and again increasing the torque for each 
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given slip in the ratio of injected voltage plus induced 
voltage over induced voltage, curve No. 6 is found. 
This curve is of special interest, as it shows the large 
increase in the maximum torque of the machine. 

In other words, the remarkable condition exists that 
the machine with the injected voltage has a larger 
maximum torque than the same machine operating as 
a, straight induction mctor. ‘This condition can read- 
ily be observed on actual tests. 

Furthermore, curve No. 6 intersects the horizontal 
line representing the synchronous speed at the point 
A, corresponding to 230 per cent torque, meaning that 
after synchronous speed has been reached and torque 
T, and T, has disappeared, 7; still exists and is equal 
to 230 per cent of normal full-load torque, which is the 
maximum torque of the motor as synchronous machine. 
The increase in torque, due to the injected voltage, is 
given in the diagram by shaded areas. 

From what has been said in the, beginning regarding 
these torques, it is known that the induction motor 
torque at any speed has a constant value and is inde- 
pendent of time. However, the torque due to the in- 
jected current, pulsates between zero and a maximum 
value if the injected voltage is in phase with the in- 
duced voltage. The frequency of pulsation of this 
torque decreases with decreasing slip. For instance, 
at standstill, the time between two adjacent maxi- 
mums is 1/120 of a second if a 60-cycle supply is used. 
At 10 per cent slip, however, the time between two 
maximums of the pulsating torque is 1/12 of a second 
and at 5 per cent slip the time has increased to 1/, of a 
second. This has been graphically represented in Fig. 
11 for 5, 2144, 114, and 0 per cent slip. This figure 
shows the torque due to the injected current when the 
external resistance in the secondary windings is zero, 
corresponding to the difference between the speed 
torque curves No. 6 and No. 1 in Fig. 10. 


Therefore, if the load connected to the armature has 
a fairly large amount of inertia, the average torque 
available on the motor lies about half-way between the 
induction-motor speed-torque curve and the speed- 
torque curve No. 6 in Fig. 10. ' If the load is more like 
a friction load, 7. e., relatively small inertia and large 
amount of mechanical torque,—the synchronizing 
ability of the machine is more correctly given by the 
torque of the curve No. 6 in Fig. 10. 
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The above discussion has been carried on under the 
assumption that the injected e. m. f. is in phase with 
the e. m.f. induced in winding F. As shown above, 
this condition exists, when the brush axis coincides 
with the axis of the F winding. However, if these two 
axes are displaced by the angle a, then the injected e. 
m.f. will be q@ degrees displaced from the induced 
e.m.f., and the torque curve takes the shape given 
pipes) 2: 

As the torque curve is formed by the product of in- 
stantaneous values of current and voltage, it must 


TORQUE 


Fic. 13—1. Cosinr CuRVE 


2. Sine? (90 DEG. — a/2) 


have the same shape as a watt curve for any circuit 
where the voltage and current are a degrees displaced 
from each other. The average watt draw of such a 
circuit is given by the equation: 


COS @ 
2 


EX 


where # and J represent peak values as distinguished 


from _./ mean? values. Therefore, the average torque 
is given by the same equation. 


We asradganen moter - bevshestattd tits ttute let 


Fic. 14—10-n. p., Four-Poutr, 60-Cycitzr, THrREB-PHASE 
Motor Starting Futt-Loap Torauen As Suip-Rine [INDUCTION 
Motor Usine Remote ContrRoL STARTER 


From this figure, it follows that the maxvmum torque 
is proportional to the relation: . 


BT sin? ( 90 — 2) 
2 

If the average torque due to the injected current is 

plotted as function of the brush displacement, curve 

No. 1 in Fig. 13 is obtained; and, if the maximum 

available torque is plotted as function of the brush 

position, curve No. 2 is obtained, ‘In either case, the 
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maximum value has been called 100 per cent. These 
curves clearly show that small brush displacements, 
say zero to 30 deg. do not appreciably influence the 
synchronizing ability for either friction or inertia load. 
For a larger brush displacement, however, the syn- 
chronizing ability of the machine for an inertia load 
decreases quite rapidly and becomes zero at 90 deg. 
brush displacement, while for friction load under these 
conditions, a synchronous torque of about 50 per cent 
of the maximum available torque exists. 

The foregoing discussion gives in general the phenom- 
ena as they take place during starting and synchro- 
nizing periods of this new machine. Oscillograms 
taken on actual machines during the starting and syn- 
chronizing periods will be of interest. 

Fig. 14 gives the currents in the primary and sec- 
ondary circuits of the machine when connected as a 
straight induction motor with resistance in the sec- 
ondary; 7. e., the commuted winding is not in circuit. 


Fig. 
Moror Srarting Fuut-Loap Toreurt Using Carson-PILE 
STARTER 


15—10-H. &., Four-Poiz, 60-Cycin, Turen-PHasE 


Upper Oscillogram, 15 a 
Lower Oscillozgram, 15 B 


The machine, therefore, operated as a standard induc- 


tion motor, and the current curves given in the oscillo- 
gram Fepresented the starting conditions of a slip-ring 
induction motor. 

Fig. 15B gives the oscillogram of the current draw 
in the primary and in the secondary of the same 
machine, as shown in Fig. 14, but with the commuted 
winding connected in series with the winding F’. 

During the starting and running periods in the tests 
illustrated in Figs. 14 and 15B, the same starting re- 
sistances have been used. A comparison of these two 
oscillograms shows that the new machine starts as a 
synchronous motor with a current draw not very mate- 
rially different from the current draw of a motor oper- 
ating as a straight induction machine. 

The secondary current curve on Fig. 15B is of special 
interest: The frequency is high at first, then gradually 
decreases and finally changes into direct current when 
the machine has reached synchronism. In this figure, - 
the starting resistance of the machine was purposely 
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selected of such a value that the machine could not 
run faster than 25 per cent slip when operating as an 
induction machine. On short-circuiting this resistance 
and leaving the commuted winding in series with the 
F winding, the machine immediately went into syn- 
chronous operation without abnormal current draw. 

Fig. 154 shows the starting performance of this 
type of synchronous motor with a carbon-pile starter. 
The very low current inrushes in this diagram are of 
particular interest. 
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Fie. 16—V1. SHows Current on Motor Circuit -WHEN 
tHE Motor Returns to SYNCHRONOUS OPERATION WHEN 
Loap ts Repucep To 150 per Cent 
V2. Dtrect-Current Firiup-VoutaGe WHEN THE 
Moror Puuus Back into STEP 
V3. Dtrect-CurRENT Firitp-AMPERAGE WHEN THE 
Moror Puuts Back into Step 


Fig. 16 shows a very interesting oscillogram of the 
same kind of motor at the moment when the machine 
goes from induction-motor operation into synchronous 
operation with full load on the motor. 


Fic. 17—Current Functions During Starting PrErRiop 


witH No Loap on tur Motor 
V;. Current on the Line 
V2. Current in the a-c.-Field, which becomes Zero as soon as the Motor 
Pulls into Step and Operates as a Synchronous Motor 
V3. Current in the d-c.-Field, Which Does not become Uniform until 
the Motor Pulls into Step. 


Fig. 17 gives the oscillogram of the same machine, 
but starting idle. During this test, the starter was in 
circuit, but was thrown very quickly into running posi- 
tion in order to be within the time limit of the film. 

Summing up the main conclusion of the above dis- 
cussion, the following laws are obtained: 

1. The brush displacement from the field axis 
‘should be made zero or as small as possible in order to 
obtain good synchronizing characteristics. 
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2. The inherent slip of the motor as an induction 
machine should be made as small as is consistent with 
the general design of the motor. 

3. The injected current should be as large as possi- 
ble. If it is about two times the full-load secondary 
current as induction motor, good commercial relations 
will be obtained on the machine when operating as a 
synchronous motor. 

If these rules are followed, the machine will be found 
to synchronize very smoothly, and when pulled out of 
step, will continue to operate very satisfactorily as an 
induction motor.: 

Tests on actual machines have shown that under 
normal operating conditions, the synchronizing torque 
is from 90 per cent to 95 per cent of the pull-out torque 
of the machine, when operating as a synchronous 
motor. 

The vector diagram for a synchronous motor with 
separate excitation and without pronounced poles, 
7. €., with an iron circuit similar to that of an induction 
motor, is given in Fig. 18. 
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Fig. 18—Vector DiaGRaAM OF A SEPARATELY Excitep IDEAL 


SyncHronous Moror 


For purposes of simplification, the assumption 
has been made that the machine is free of all ohmic re- 
sistance and leakage reactance. The machine is as- 
sumed to be built with the primary member on the 
rotor and the secondary member on the stator. 

The resultant field in the machine is produced by 
the ampere-turns A T’,,. These are of the same mag- 
nitude as the no-load ampere-turns of the machine 
when operating as an induction motor. 

The armature ampere-turns in this diagram are 
A T., and the d-c. field ampere-turns are A T;. 


The resultant motor field, produced by the ampere- 
turns A T,,, while rotating in respect to the rotor wind- 
ing, is stationary in space, as has been shown in the 
previous discussion on synchronizing torque. The 
magnitude of this field is constant if leakage reactance 
and ohmic resistance are zero. 


If (besides the polyphase winding) the armature of 
this machine carries a commuted winding, then a d-c. 
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voltage appears across the commutator brushes due to 
the rotation of the commuted winding in this stationary 
field. 

In the Fynn-Weichsel motor, the commutator 
brushes are connected to the field winding F (see Fig. 
4) and the motor is thereby made self-exciting. 

In a previous part of this paper it was shown that the 
angular displacement between brush and field axis 
materially influences the speed torque curve during the 
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Fic. 19—INFLUENCE OF ARMATURE LEAKAGE FLUX ON THE 


Direct-CurRENT VOLTAGE 


starting period as well as the self-synchronizing ability 
of the machine. 

From the vector diagram Fig. 18 of the separately- 
excited synchronous motor, it follows that the space 
position of resultant motor field changes with load. 
Therefore, it is readily seen that the operating charac-~ 
teristics of a self-excited motor must be a function of 
the angular displacement between brush axis and field 
axis. 

The influence of the brush displacement on the oper- 
ating performance of a motor of this type will not be 
discussed in this paper, as the subject has been fully 
treated in a paper by Mr. V. A. Fynn, previously pre- 
sented before the Spring Convention of the Institute, 
April 7-10, 1924, Birmingham, Alabama. 

In the above, it was assumed that the rotor leakage 
reactance and ohmic resistance were zero. In reality 
the ohmic resistance of the a-c. winding produces a 
voltage drop in phase with the current and the a-c. 
leakage reactance produces a drop of 90 deg. displace- 
ment from the current. Under different load condi- 
tions, both of these factors tend to change the magni- 
tude of the stationary field referred to above. These 
are well-known facts and can be readily considered in 
the calculations if desired. 


The a-c. leakage reactance flux not only causes the 
stationary field to change its magnitude with different 
loads but also produces an additional voltage across 
the commutator brushes. ' 

This, as well as some other phenomena, especially 
the interactions caused by the d-c. armature winding, 
will be discussed in the following. 
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LEAKAGE FLUX ON THE D-C. 
VOLTAGE 


The a-c. winding of the armature produces some 
magnetic lines which are not interlinked with the stator 
winding but which are still interlinked with the d-c.- 
armature winding. These lines are usually called the 
a-c. leakage lines. 

Fig. 19 shows the current distributions in the a-c.- 
and d-c.-armature windings, and also the general 
direction of the leakage flux, which is coaxial with the 
vector A T,. The d-c. winding cutting this leakage 
flux, produces a voltage across the d-c. brushes which 
is given by the relation: 

lL = K siner 

This value is positive when the angle, with respect 
to the vector A 7’, lies in a direction opposite to the 
direction of the armature rotation. 

This additional dc. voltage is negative when the 
angle 7 is located in the same direction as the direction 
of rotation with respect to the vector A T,. 

In one case, the voltage due to leakage flux adds to 
the main d-c. voltage and in the other case, it sub- 
tracts from it. 


Besides these leakage lines produced by the a-c. 
winding, there exists a group of leakage lines produced 
by the d-c. winding. These latter lines cut the a-c. 
winding and generate a reactance voltage in the a-c. 
winding, which is approximately in opposition phase 
to the reactance voltage produced in this winding by 
its own leakage flux. 

_ The distribution of the leakage flux produced by the 
d-c. winding is given in Fig. 20. 

The influence of the d-c. winding leakage flux on 
the operation of the machine is very small, because the 
armature d-c. ampere-turns are approximately 5 per 
cent of the armature a-c. ampere-turns. 


INFLUENCE OF THE 


Therefore, the leakage flux produced by the armature 
d-c. ampere-turns is of the order of 10 per cent of the 
leakage lines produced by the armature a-c. ampere- 
turns, on account of the different field shapes. (See 
Fig. 20.) . 

In other words, the voltage produced by the d-ce. 
leakage flux in the a-c. winding will be 10 per cent or 
less of the voltage induced in the a-c. winding by its 
own leakage flux. Therefore, the effect of the d-c.- 
leakage flux on the operation of the machine must be 
very small. It is evident that the d-c. leakage flux 
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cannot in any manner influence the d-c. voltage across 
the brushes, because the axis of the d-c. leakage flux 
is in line with the axis of the d-c. brushes. 


ARMATURE REACTION OF THE D-C. ARMATURE 
WINDING 


The d-c.-armature winding produces ampere-turns 
in the direction of the brush axis, which remains fixed 
in space for all load conditions. Furthermore, these 
d-c. ampere-turns are connected in series with the 
stator d-c. ampere-turns. Both will increase and de- 


Fig. 21—INFLUENCE OF D-c.-ARMATURE CURRENTS ON THE 


OPERATION OF THE MorTrors 
A-c.-ampere-turns A To3 are Set up, neutralizing the armature d-c.- 
ampere-Turns 


crease at the same rate. Therefore, the stator d-c. 
ampere-turns and the rotor d-c. ampere-turns add 
vectorially. The effect of this is that a resultant d-c. 
field is obtained which forms a somewhat smaller angle 
with the brush axis than the original angle between 
brush axis and field axis. 

This is shown in Fig. 21. This diagram is drawn 
under the assumption that the magnitude of the mag- 
netizing ampere-turns, A 7’, and their vectorial rela- 
tion to the field axis F is kept constant. The total 
ampere-turns on the armature are represented by the 
vector A T,.. This vector can be considered as being 
composed of a vector A J, and a vector A T,3, the 
latter being equal and opposed to the vector A Tua, 
representing the armature reaction of the d-c. winding. 
This establishes the very important fact that wnder all 
conditions, the d-c.-armature reaction ampere-turns are, 
at any time, counterbalanced by equivalent. armature a-c.- 
ampere-turns, a condition very similar to that existing 

‘In a rotary converter. 


STATOR LEAKAGE LINES 


As in any induction motor, there are also leakage 
lines around the secondary member of the machine 
which in this case, is the stator. As the stator is ex- 
cited with direct-current, the stator leakage lines 
can in no manner react on the stator windings. Ac- 
cording to their definition, these lines are not inter- 
linked with the rotor windings,-and it follows that the 
stator leakage lines cannot, in any manner, influence 
the synchronous operation of the machine. The only 
effect which these lines have is a slight change in the 
core-and-teeth induction of the stator member, but 
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this can readily be cared for in the original dimen- 
sioning of the iron circuit when designing the machine. 


COMMUTATION 

Two problems:have to be considered under this head- 
ing: 

1. The commutation so far as sparking is concerned. 

2. The influence on the operation of the machine 
of the currents flowing in the short-circuited coils un- 
dergoing commutation. 

The second point will first be considered. Kor a 


_d-c. machine with a straight line commutation, the 


relations are represented by Fig. 22A. The ampere- 
turns, during the time of commutation zero to two, are 
equal and opposed to the ampere-turns during the 
time of commutation two to four. In other words, 
the coil undergoing commutation produces a very 
rapidly alternating magnetic flux and the average mag- 
netic effect of this high-frequency alternating flux on 


‘the action of the machine, will be zero, as shown by 


sketches, 0, 1, 2, 3, representing the positions of commu- 
tation 0, 1, 2, 3 of Fig. 224. 

However, the conditions are quite different if the 
commutating current does not follow a symmetrical 
curve. Curves as given in Fig. 22B and Fig. 22c, are 
quite feasible. From these figures, it is seen that 
during the first part of commutation the positive wave 
of the current contains a much larger area than the 
negative wave representing the second part of the com- 
mutating period. The result is that the field produced 
by the currents flowing in the short-circuited coils un- 
dergoing commutation is of a pulsating character and 
in which the field in one direction predominates. 


Time 
Ampere-Turnsin Short Circuit Coil...0 +% 0 —-—¥% 


The average ampere-turns produced by the short- 
circuited coil undergoing commutation must lie in a di- 
rection vertical to the axis of the brushesA 7... (See Fig. 
23). The resultant magnetizing ampere-turns in the ma- 
chine A T,,, must remain constant. The vector, A T,, 
can be decomposed into one vector parallel to the 
brush axis and.one vector vertical to the brush axis. 

The ampere-turns produced by the commutating 
current have the tendency to change the magnitude 
of the component A T’,,:, and as this is not permissible, 
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it follows that the a-c.-armature winding must set up 
ampere-turns A T; equal and opposed to the ampere- 
turns A T. produced by the currents undergoing com- 
mutation. This has been diagrammatically shown in 
the vector diagram Fig. 23. From this it follows that 
the currents undergoing commutation have the effect 
of bringing the power factor nearer to unity. 

Besides this magnetic effect, the currents fiowing in 
the short-circuited coils undergoing commutation pro- 
duce a certain amount of loss. This loss decreases 
with increasing load and is a maximum atno load. But 


Mfemating Current Amperc-tums to Cauntertalance 
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even under no load, it is a very small percentage of the 
normal motor output, provided the commutating con- 
ditions are properly selected in the design of the 
machine. 

It has been shown that at no load the resultant field 
in the machine is nearly in Ime with the axis of the 
d-c.-field excitation and at the maximum load; 7. e., 
near the breakdown point of the machine as a synchro- 
nous motor, the axis of the resultant field is nearly at 
right-angles to the axis of the d-c. exciting field. As 
the d-c.-brush axis is only slightly displaced from the 
d-c.-field winding axis, it follows that at no load the 
coils which undergo commutation stand nearly in line 
with the resultant field, and at maximum load are ap- 
proximately 90 deg. displaced against the resultant 
field. 

Therefore, the voltage generated in the short-cir- 
cuited coil undergoing commutation is 2 maximum at 
no load and a minimum at maximum load, so that the 
losses due to the current in the short-circuited coils 
undergoing commutation decrease with increasing load. 


SPARKING 


Under the heading “Armature Reaction of d-c.- 
Armature Winding,” it was proved that under all con- 
counterbalanced by equivalent a-c.-armature ampere- 
turns. No voltage, therefore, can be generated in the 
short-circuited coils undergoing commutation due to 
an armature reactance flux. In this respect the 
machine operates very much the same as a d-c. 
machine in which armature reaction is perfectly 
neutralized. 
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However, there remain two voltages in the short- 
circuited coils—No. 1. A voltage which is due to the 
leakage reactance flux surrounding the conductor un- 
dergoing commutation and No. 2, a voltage generated 
in the short-circuited coil by its movement in the main 
field of the machine. 

This latter voltage, as has been pointed out above, 
is a maximum at no load and is practically zero when 
the machine has reached its maximum load as a syn- 
chronous machine. By properly designing the d-c. 
winding, it is possible to hold this voltage at such a 
low value that it cannot produce commutation trouble, 
even under no load conditions. 

The leakage reactance voltage referred to under 
No. 1 is in every respect similar to the leakage reac- 
tance voltage in a standard d-c. machine. 

Considering the three different voltages just dis- 
cussed, and comparing their actions with those which 
occur in a neutralized d-c. machine, it will be found 
that this new motor from the commutating point of 
view operates in a manner similar to a neutralized 
d-c. machine in which the neutralizing winding is 
somewhat weaker than the d-c. armature reaction. 

Due to the fact that in this new type of machine the 
total voltage across the brushes is in all cases consider- 
ably below 100 volts, it is evident that the com- 
mutation must be perfect. 


24_CoMPARISON OF AMPERE-TURN RELATIONS IN FYNN- 
WREICHSEL AND Inpuctron Motors 


IN FYNN-WEICHSEL MOTOR 


The losses can be subdivided in the following manner: 

1. Primary copper losses. ’ 

2. Iron losses in the primary member. 

3. Secondary copper losses. 

4. Copper losses in the d-c. armature winding. 

5. Friction losses. 

6. Commutating losses, including brush losses. 

7. Stray losses. 

In order to compare these individual losses with 
those occurring in a standard induction motor, it is 
essential to compare the vector diagrams of these two 
types of machines: 

Fig. 24 shows the vector diagram of a Fynn-Weichsel 
motor and a vector diagram of the same motor when 
running as straight induction machine. 

Vectors 0-1-2 represent the operation of the machine 
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as synchronous motor, and the vectors 0-3-1 represent 
the operation of the machine as straight induction 
motor. ; 

For operation as an induction motor, the vector 0-3 
represents the ampere-turns on the primary member, 
and for operation as a synchronous motor the vector 
0-2 represents the ampere-turns on the primary 
member, 

PRIMARY COPPER LOSSES 


The ratio of the length of these two vectors, D and 
C, gives a measure of the change in primary ampere- 
turns from induction motor operation to synchronous 
motor operation. 

The primary copper loss of the machine operating 
as a synchronous motor, is, therefore, equal to 


CaN. 
( im ) x the primary copper loss of the machine when 


running as induction motor. 


¥ 


C 
The relation of ( 9 ) depends, to a large extent, on 


the power factor of the machine when operating as an 
induction motor or as a’synchronous motor. Generally 
speaking it will be found that the primary ampere- 
turns are less in the Fynn-Weichsel motor than in the 
induction motor. Therefore, the primary copper 
losses in the Fynn-Weichsel motor will be smaller for 
a given output than the corresponding primary copper 
loss in a standard induction motor. 

In addition to this, the mean-turn length of the pri- 
mary winding in the Fynn-Weichsel motor is usually 
somewhat less than the mean-turn length of the pri- 
mary winding of an equivalent standard induction 
motor, because in the latter case the winding is on the 
stator and in the former case the winding is on the 
rotor, thereby decreasing the mean-turn length. 


SECONDARY COPPER LOSSES 


In a similar manner, the losses in the secondary mem- 
ber, when running as a synchronous motor, are 


A \? 
(= ) x secondary copper lossesasan induction motor. 


The secondary ampere-turns A of the Fynn-Weichsel 
motor are usually larger than the secondary ampere- 
turns B in a standard induction motor. This does not 
mean, however, that the secondary copper losses in the 
Fynn-Weichsel motor are materially larger than the 
slip loss in an induction motor, for the following 
reasons. 

The secondary winding used in the Fynn-Weichsel 
motor is of the concentric type, which has a consider- 
ably shorter mean-turn length than the diamond wind- 
ing usually employed in induction motors. Further- 
more, the space factor for a concentric winding is some- 
what better than that of an equivalent diamond wind- 
ing. Both of these factors tend to decrease the sec- 
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ondary loss in the Fynn-Weichsel motors below the 
value expected by the ratio of vector length. 

The above train of reasoning assumes that the d-c.- 
ampere-turns, 1-2, produce under otherwise equal 
conditions the same losses as equivalent polyphase 
ampere-turns of the magnitude 1-2. The correctness 
of. this assumption is proved in the appendix, No. 2. 


TRON LOSSES 


For an equal number of magnetic lines, the Fynn- 
Weichsel motor has, as a rule, less iron losses than the 
equivalent standard induction motor, because in the 
Fynn-Weichsel motor the iron losses are located in the 
rotating member, while in the induction motor they are 
mainly located in the stationary member. But the 
rotating member contains less iron and therefore, for 
otherwise equal conditions the iron losses will be 
smaller than in an induction motor. 


COPPER LOSSES IN THE D-C. ARMATURE 
WINDING 


The necessary voltage for excitation generated in 
the d-c.-armature winding is the result of a relatively 
high cutting velocity between this winding and a field 
stationary in space. Therefore, the number of turns 
on this winding can be made very small. From this 
it follows that the resistance of this. d-c.-armature 
winding must be very small and the loss in this wind- 
ing will be found to be practically negligible. 


FRICTION AND WINDAGE LOSSES 


These losses are made up of: 

1. Bearing losses. . 

2. Windage losses. 

8. Slip-ring friction losses. 

4. Commutator friction losses. 

Items 1, 2, and 8 are in every respect identical to 
those in a standard induction motor. 

The loss due to commutator friction, however, is 
inherent to this type of machine, but its value is small, 
as the commutator has relatively small dimensions and 
can be built with a small number of segments. There- 
fore, the friction loss due to the commutator may be 
considered as being counterbalanced by the decreased 
iron losses in this type of machine over those of a stand- 
ard induction machine. 


COMMUTATING LOSSES 


These losses have been discussed in a previous chap- 
ter and were found to be small. 


Stray LossEs 


As a distribution of the magnetic fluxes and of the 
ampere-turns in this type of machine are absolutely 
identical to those in a standard induction motor, it 
follows that the stray losses are identical to those in 
an equivalent induction motor. 

‘The above has shown that, generally speaking, the 
losses under full load on a Fynn-Weichsel motor and a 
standard induction motor must be very nearly the same. 
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From this it follows that both machines can be built in 
practically the same frame sizes for equal outputs and 
that, furthermore, the efficiencies of these new machines 
cannot differ materially from those of a standard in- 
duction motor. A further study of the relations shows 
that there is a tendency ‘or the lossesina Fynn-Weichsel 
motor to be slightly heavier at fractional loads and 
slightly lighter at overloads than in a standard induc- 
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tion motor. This difference in losses is the result of 
the difference in power factor under which these 
machines operate in comparison with induction motors 
for these extreme load conditions. 

Having now discussed in general the theoretical 
behavior of this new type of machine, the actual be- 
havior of the machine as found from tests will be of 
interest. 

Fig. 25, Fig. 26, and Fig. 27 show the efficiencies of 
actual machines compared with those of standard in- 
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duction motors. It will be seen that these perform- 
ances compare quite favorably. 

Fig. 28 gives the performance of a 75-h. p. 1200 rev. 
per min. motor and also the performance of a 15-h. p. 
four-pole motor. These curves show that, similar to 
induction motors, the efficiencies increase with increas- 
ing h. p. capacities. They further show the general 
characteristic of the power-factor curve of this type 
of machine, which is somewhat leading at full load and 
becomes more leading at fractional loads. When the 
breakdown as a synchronous motor occurs, the power 
factor is near unity. After the machine has stopped 
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operating as synchronous motor and continues to 
operate as induction motor, the power factor becomes 
lagging and reaches values similar to those of a stand- 
ard induction motor. The efficiency curve of this part 
of the operation is also similar to that of a standard 
induction motor. 

The change in operating characteristics of these 
machines under abnormal line and voltage conditions, 
such as high and low frequencies, follows very similar 
laws to those which are known to exist for standard 
induction motors. A detailed discussion on this sub- 
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ject will be found in a paper read before the Franklin 
Institute, October 30, 1924, and also in the Jron and 
Steel Engineer of April, 1924. 

As this new machine operates with leading power 
factor over its normal working range, it follows that it 
draws leading magnetizing current which will subtract 
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from the lagging magnetizing current taken by induc- 
tion motors, and if an installation consists of induction 
motors and motors of this new type, it is evident that 
the resultant magnetizing current of this installation 
can be greatly reduced. By properly selecting the 
relations of the Fynn-Weichsel motors and the induc- 
tion motors, it is possible to obtain unity power factor 
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or any other desired power factor over the whole load 
range of the installation. 

As the variation of the wattless leading current of 
a Fynn-Weichsel motor and of the wattless lagging cur- 
rent of an induction motor as a function of load follows 
similar laws, the power factor of the whole installa- 
tion consisting of Fynn-Weichsel and induction motors 
will not alter materially with change in load. Tests 
have shown that, for instance, a 15-h. p. four-pole in- 


Fig. 29—15-H.p. Moror OprrRatiInG Wet GRINDERS 
duction motor operating in parallel with a four-pole, 
15-h. p. Fynn-Weichsel motor produces unity power 
factor over the whole load range when both motors are 
equally loaded as well as when both motors are loaded 
differently. Detail information on this subject will 
also be found in the above mentioned Iron and Steel 
Electrical Engineer. 


APPLICATION OF THE MOTOR 


From what has been said in the preceding para- 
graph, it follows that the most desirable manner of 
using these machines in an installation consists in the 
combination of these motors with standard induction 
motors and in selecting the ratios of the Fynn-Weichsel 
motor capacity to the remaining induction motor ca- 
pacity in such a manner as to obtain the desired power 
factor in the installation. In laying out a new installa- 
tion, it is quite simple to select this ratio in the de- 
sired manner. 

In an existing installation, it is advisable to remove 
some of the induction motors, especially those which 
produce the largest magnetizing current, and to replace 
them by motors of the Fynn-Weichsel type. 

In cases where old installations must be enlarged, 
it is possible to install, in the new section, Fynn-Weichsel 
motors, and in this manner to obtain the desired 
power-factor correction. 
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It will be found that an installation whose power 
factor is corrected in this manner as a rule requires 
less energy draw from the line than when the power 
factor correction is obtained by simply adding to the 
installation some idle-running corrective devices. 

In Appendix No. 3 a calculation is given showing 
how much the efficiency of the Fynn-Weichsel motors 


~ can be below that of the replaced squirrel-cage motors 


and still give the same overall efficiency of the installa- 
tion which would exist when the same installation has 
its power factor corrected by idle-running corrective 
devices. 

These tables show clearly that the allowable decrease 
in the Fynn-Weichsel motor efficiency over the squirrel- 
cage motor efficiency is very large. But in a previous 
chapter, it has been shown that the efficiency of this 
new type of machine compares very favorably with the 
efficiencies of standard’ induction motors. Therefore, 
the overall efficiencies of an installation consisting of a 
combination of induction and Fynn-Weichsel motors, 
will be in most cases better than the overall efficiency 
of an induction motor installation corrected by idle- 
running corrective devices. 

In closing, a description of a few actual installations 
will be given. 

Fig. 29 shows a Fynn-Weichsel motor driving a set 
of grinders. This installation is particularly interest- 
ing, as the load on the grinders is such that very fre- 
quently the motor is greatly overloaded and thereby 
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Fig. 30—Power Factor anp Kw. InpuT or 15-H.p. Motor, 


OrPERATING Wet GRINDERS 


is pulled out of step; and after the heavy overload is 
removed the motor immediately goes back into syn- 
chronous operation. 

Fig. 30 shows the kilowatt input and power factor 
of this particular motor under the load conditions 
described. 

Fig. 31 shows an installation where the motor oper- 
ates a large drawing press. Here also heavy overloads 
occur extremely frequently. 

Fig. 32 is a view of an installation in a marble cutting 
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plant. In this case, the constant speed of the machine 
‘has proven to be of exceptional value as the grade of 
polishing obtained is, to a large extent, dependent 
upon the uniformity of the speed with which this 
polishing operation is performed. 

Another interesting feature of this installation is 
the large fly-wheel action of the grinding disks. It 
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requires in the neighborhood of one minute to bring 


these large disks up to speed, and in spite of this heavy 
inertia, neither starting nor running difficulties of any 
kind have been experienced. 

Fig. 33 shows a view of an installation in a cement 


MarBuei- WORKING 
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mill. In this case the Fynn-Weichsel motor is oper- 
ating sack-filling machines. 

A great many other installations are in operation, 
such as motor-driven ice machines, compressors, 
machine shops, wire-drawing machines, and many 
other machines found in a variety of industries. It 
would lead too far to discuss in detail these installations. 
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Appendix No. 1 

In the following, the derivation of the law is given 
which governs the torque of a polyphase machine at 
any instant. This law reads: 

In a polyphase machine the torque at any moment 
produced by the current in a secondary phase is equal 
to the product of the instantaneous value of the cur- 
rent in this phase and the instantaneous value of an 
imaginary voltage whose magnitude is equal to the 
voltage induced in the secondary at standstill. This 
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imaginary voltage has a frequency equal to the fre- 
quency of the secondary current. The phase relation 
of this voltage in respect to the secondary current is 
equal to the phase relation of the secondary current 
and the actual existing induced secondary voltage at 
the speed under consideration. 

Use was made of this law in a previous chapter, 
in which the torque relations in the machine were 
discussed. 

Assuming that the rotor is the primary member 
and the stator is the secondary member, and that the 
machine has neither ohmic resistance nor reactance 
in the primary, then the field produced by the primary 


Fig. 


34 


has a definite magnitude and rotates in space at all 
rotor speeds except synchronous speed. 

Fig. 34 represents the rotating field, N R, at a given 
moment. It can be decomposed into a component 
N., vertical to the axis of the winding F and the field 
N,, parallel to the axis of the secondary winding F’. 
The currents flowing in the winding F' must produce a 
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torque with the field component N,, because N, and 
winding F’, are at right-angles to each other, but F 
cannot produce any torque with the field Ni. 

Both of these component fields, N, and Nz, are 
alternating in time, but are 90 electrical degrees phase 
displaced from each other. 

The torque produced at any moment by the inter- 
action of the currents flowing in the F winding with the 
field component N, is given by the following pro- 


portionality: 
Ping e IN ais (1) 
where 7's, = the torque at any moment. 
de, = the current in the F winding at any 
moment. 
s = the turns in the F’ winding. 


Na: = magnitude of the field component in the 
A axis at the moment ¢. 
Above it was shown that Na; follows the law: 
Na: = N, Sine (2 7 f,#) (2) 
where N, = the maximum value of the field com- 
ponent in the axis A. 
f. = the frequency of the flux N,. 


HTGs oo 


This value, substituted in the equation 1 gives: 

Tr: = tet < N, sine (2 w fz t) as (3) 

In the beginning it was shown that the maximum 

of the two components, N, and N,, are alike. There- 
fore, we can also write: 

Tr, = ir; X Ny X 8 X sine (27 f,8 1?) (4) 

The magnetic flux N; can be expressed in terms of 

the voltage induced in the F' winding when the arma- 
ture is at standstill by: 

Bio = Ns. 8 XK 2.7 fo (5) 
where fy equals the frequency of the flux N, with 
armature at standstill. 

By solving the above equation for N, and substitu- 
‘ting it in equation No. 4, it follows: 

E 

T;, = ts, Sen sine (2 1 ft) 

This equation is nothing more than a mathematical 

expression of the law stated in the beginning of this 

appendix. The correctness of this law is proven 
thereby. 


(6) 


Appendix No. 2 


A statement has been made in the main article that, 
for otherwise equal conditions, the losses in the d-c.- 


. 86 by the vector O I. 
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exciting-winding are equal to those of a polyphase 
winding if the ampere-turns vectors in both cases have ° 
the same magnitude. This can be shown as follows: 

Fig. 35 shows vectorially the currents flowing in the 
three-phase secondary of an induction motor. At the 
moment when one of these currents, 0-1, is zero, the 
currents in the two other phases have a value corre- 
sponding to their projections on the axis 0-4, and are 
equal, their numerical value being: 

I. 3/2 

If the resistance of one phase is given by 1, then the 
loss in these two windings at this moment is given by 
P x 3/2 x27, but this is equal to the polyphase 
current loss in all three secondary windings. 

If the condition for the moment given above for 
which the current 0-1 is zero is imitated by sending 
direct current through the two other phases, and 
selecting the direct-current so that it is of the same 
magnitude as the polyphase currents at the moment 
under discussion, then.the loss must be equal to the 
total loss in the three-phase winding. As the magni- 
tude of the rotating field is assumed to be of constant 
value, it follows that a d-c.-winding producing the 
same magnetization as a polyphase winding causes, 
under otherwise equal conditions, the same amount of 
loss. 

A similar train of thought proves that the same 
relations also exist if standard two-phase windings or 
if any other combination of polyphase windings are 
used. 

The copper loss due to the d-c. exciting current in 
a synchronous motor is, therefore, equal to the copper 
loss of the secondary winding of a polyphase motor 
provided both windings are so selected as to produce 
the same magnetic flux, 7. e., the same ampere-turns, 
and further assuming that both windings have the 
same mean-turn length and the same copper section 
per slot. But if the d-c. winding is so constructed as 
to have a’smaller mean turn length and a larger copper 
section than the polyphase winding, then the d-c. exci- 
ting loss is less than the loss due to the polyphase 
exciting ampere-turns. 


Appendix No. 3 


An installation assumed to operate with a certain 
power factor and current draw, is represented in Fig. 
If this installation has its power 
factor corrected by having an apparatus operated in 
parallel which produces a leading current, I C, then 
the phase displacement of the resultant current is given 
by the vector OC in respect to voltage vector O EH. 

This diagram assumes that no losses whatsoever 
occur in the idle running phase correcting device. In 
reality, a certain amount of loss exists in the phase 
correcting device and its loss may be represented by 
the line CD. The real phase displacement of the 
resultant current in this installation would then be 
given by the angle between the line O D and the voltage 
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O E, but this phase displacement is so nearly equal to 
the phase displacement between vector OC and OE 
that no difference between these two phase displace- 
ments will be made in the following discussion. The 
loss in the phase-correcting device is given by the line 
C D, which is called a. The relation between kv-a.- 
input and loss in the phase correcting device is given 
-by the expression: a=p XR. K.V.A.=pxC, 
where C equals length C J, and p is a constant. 

If. the same correction is obtained by removing 
a number of induction motors and replacing them by 
Fynn-Weischsel motors which have a leading phase 
displacement y,, then the vector diagram is given by 
the lines O-3-C. This assumes that allinduction motors 
operate with a power factor equal to the power factor 
of the installation and that the Fynn-Weichsel motors 
have the same efficiency as the induction motors which 
they replace. The kw-input of the Fynn-Weichsel 
motors under this assumption is given by the vector 3-1. 

In order to operate this installation with the same 
overall efficiency, 7. e., the same total losses as the 
first mentioned installation, the power factor of which 
_was corrected by idle-running-phase corrective devices, 
the input to the Fynn-Weichsel motors for the same 
output as before must be represented by the vector 
3-2, where 1-2 is equal to C D = a. 

Let 3-1 be equal to b and I-1 equal to k, and 1-C 
equal to m. 

The efficiency of the replaced induction motors is 


output 


given by ™ = ae ae The efficiency of the Fynn- 


e=C-I= a+k 
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Weichsel motors, in order to obtain the same overall 


efficiency as in the first mentioned installation, is given | 


output 
by n2 = E From this it follows that the ratio 
b+a 
of the efficiencies is equal to: 
Ne b i 
1 Sieh +a pe a 


eae etsel 
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As a=C Xp, it follows that Sto ies 


b 
and from the diagram it is known that C = m + k. 
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This introduced in the above equation gives the relation: 


) 
aie n( 1 + p (tang. @ + tang. y,) 


This is a correct equation if the angle y, is introduced, 
but a small error is made if this angle is replaced by 
the angle y,e. An error made in this manner has the 
tendency to make the allowable efficiency calculated 
by this equation somewhat smaller than the real 
allowable efficiency. This error is, however, very 
small. 

By aid of this equation, the curves in Figs. 37 and 38 
have been calculated and the allowable drop in effi- 
ciency of the Fynn-Weichsel motor below the efficiency 
of the replaced squirrel-cage motor, has been plotted 
as ordinates and the power factor of the installation 
before corrective features were added, has been plotted 
as abscissa. 

Families of curves have been calculated, assuming 
the Fynn-Weichsel motor operating at leading power 
factors of 70, 80, 90, and 95 per cent. The curve sets 
refer to a 2, 3, 4, 6, 8, and 12 per cent loss in the idle- 
running corrective device which produces the same 
total power factor as the Fynn-Weichsel motor instal- 
lation. The use of these curves is as follows: 
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Assuming an installation with a power factor of 60 
per cent. The power factor of the installation is to be 
improved to any desired value by the use of Fynn- 
Weichsel motors which operate with a leading power 
factor of 80 per cent. 

The allowable decrease in efficiency of these motors 
below the efficiency of the replaced squirrel-cage 
motors is 5.9 per cent., as shown by Fig. 38, provided 
the overall efficiency of the installation is the same as if 
its power factor were corrected by the use of an idle- 
running phase correcting device which consumes 3-kw. for 
every 100-kv-a. reactive furnished. 


If the idle-running phase correcting device has a 12 
per cent loss and the conditions otherwise remain the 
same, then the efficiency of the Fynn-Weichsel motors 
could be 20 per cent below the efficiency of the re- 
placed squirrel-cage machines. 


These curves have been derived under the assumption 
that the induction motors which were replaced by Fynn- 
Weichsel motors operate with a power factor equal to 
the average power factor of the installation. In most 
cases, however, it will be found that, in an actual in- 
stallation, some motors operate with better and others 
with poorer power factor than the average power factor 
of the installation. 
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A vector diagram is given in Fig. 39A of an instal- 
lation, considering the load of the individual motors. 
If it is intended to correct the power factor in this 
installation, it is advisable to remove those motors 
which require the largest amount of magnetizing current 
and replace them by machines of this new type. 


Fig. 39B shows the vector diagram of the installation 
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after the induction motors requiring the largest magnet- 
izing current have been replaced by the new type of 
motor. It will be seen that the capacity of the Fynn- 
Weichsel motors required in this case is considerably 
smaller than the capacity of Fynn-Weichsel motors 
required when all induction machines of the original 
installation operate at. a power factor equal to the 
average power factor of the installation. 
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Kilovolt-amperes draw of Installation after correction is applied 


before correction is applied 


Diagram A Dracram B 


Fie. 39 


From this it follows that in most cases the allowable 
decrease in the efficiency of the Fynn-Weichsel motors, 
below that of the replaced induction motors can be 
considerably larger than found from the curves given 
in Figs. 87 and 38. 


For instance; if, due to the replacement of the motors 
which have considerably poorer power factor than the 
average power factor of the installation, the size of the 
Fynn-Weichsel motors has been reduced to one-half 
the value required if all motors have a power factor 
equal to the power factor of the installation, then the 
allowable drop in efficiency is twice the value which 
is found from the curves in Figs. 37 and 38. 

In addition to this, it must not be overlooked that if 
the power-factor correction is obtained by replacing 
some of the induction motors by the new type of 
machine, it is possible to operate a large percentage 
of the wiring in the installation at unity power factor - 
or thereabout. In this manner, the copper losses in 
the wiring system of the installation itself-are quite 
materially decreased, a condition which does not 
necessarily exist in cases where the power-factor cor- 
rection is accomplished by idle running phase-cor- 
recting devices. 

A measure of the kv-a. rating of the required Fynn- 
Weichsel motors and of the idle running corrective 
device needed for accomplishing the same power- 
factor correction, is given by the vectors 3-6 and 6-7, 
respectively. 

The cost of any electrical machine is a function of its 
kv-a. rating. Therefore, the length of the vectors 
6-3 and 6-7 respectively can be readily used for deter- 
mining the cost of a Fynn-Weichsel motor equipment 
and a corresponding idle-running corrective device. 
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Discussion 


C. F. Scott: It happened to be my lot to be associated with 
Mr. Tesla in his early work in the development of his polyphase 
motor. J remember very well his statement that his motors were 
of two kinds: the synchronous motor, a-splendid motor to run; 
and the induction motor, which he called a torque motor, that 
would start. The difficulty with the synchronous motor was 
first to get it started and second to excite it. The difficulty with 
the induction motor, primarily, was the lagging or magnetizing 
or exciting current which it required. That lagging current was a 
mysterious sort of thing; it was the practise to attribute any- 
thing we didn’t understand in those early days to “‘lag.”’ 

A recent letter from Mr. Weichsel said that a score of years ago, 
when we were together in the Westinghouse Company in Pitts- 
burgh, he attended one of the lectures that I gave to the students 
and remembered how I used yellow chalk horizontally for one 
kind of current and red chalk vertically for the other kind, and it 
gave him a clearness of conception of what was going on in cir- 
cuits and an interest in it which continued. So maybe I can 
claim a sort of fatherly connection to the new motor, which is 
really a combination in one structure of those early beginnings 
which Tesla described as the torque motor and the synchronous 
motor. 

The new motor has some rather striking and commendable 
features. The general simplicity is notable. The motor com- 
bines the starting characteristics of the induction motor and the 
running characteristics of the synchronous motor. It is two 
motors in one. It is self-contained; it has no outside exciter. 
There is an automatic transfer from one function ot the other, 
without any action of the attendant. It is simple in construction, 
with very simple additions or modifications to the regular induc- 
tion motor. 

In its construction, inits auxiliaries, in its operation, it is a 
simple and admirable machine, and to those of us who, back be- 
fore these things were evolved, have contemplated the difficulties 
in the problem, and the great desideratum in getting a combina- 
tion of these two motors in one simple arrangement, this solution 
is a most delightful one. From the engineering, inventive 
standpoint, itisafine thing. And, to get a performance which is 
substantially that of the induction motor and of the synchronous 
motor, with some advantages in conne¢tion with each, is a 
splendid result. 


W.L. Upson: This paper is a discussion of the design and 
operating characteristics of the now well-known Fynn-Weichsel 
motor and does not particularly go into the question of the 
demands for a power-factor-correcting motor. This latter sub- 
ject has been quite fully discussed elsewhere. Fortunately this 
' motor has now been in service long enough to establish its ability 
to do what is claimed for it and to demonstrate that what might 
seem like complications of structure are really of insignificant 
importance. Certainly any quantity of electrical apparatus 
containing as many or more complicated features is in constant 
use and accepted without question in practise. However, it is of 
interest to note that of these so-called complications the commu- 
tator, for instance, is actually much less of a problem in this 
motor than it isin other machines in general. 

To my mind; by far the most interesting feature of the design 
of this motor is its small air-gap: a synchronous motor with an 
induction-motor air-gap. For some years I have been an ad- 
voeate of smaller gaps and have felt that it was possible for the 
designer to obtain substantial advantages by working in this 
direction. In this connection I wish to quote from a discussion 
by Mr. H. M. Hobart contained in the Transactions of the 
Institute, Vol. XX XII, p. 1595, 1913. 


“Any proposition to consider the design of synchronous motors 
along the lines of the design of induction motors has always been 
handicapped by the necessity of a change of hands, as to who 
should design it, and bring about the evolution of the synchro- 
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nous motor into a decent machine. Itis at present an absurd 
caricature of what it might be ............ I believe that the 
synchronous. motor can be used to great advantage in .much 
smaller sizes than has heretofore been considered desirable, 
in sizes which will lap over into the field that has been generally 
held by common consent to belong to the induction motor. If 
only the synehronous motor could be designed by induction- 
motor designers, working on the lines which have enabled them to 
see just what is needed for these starting and running-up condi- 
tions, the result would be for the good,’ and Mr. F. D. New- 
berry. taking part in the same discussion, admits the unsatis- 
factory development of the synchronous motor but imputes it to 
“the difference in the magnetizing current required by well a de- 
signed induction motor and a well designed synchronous motor.” 

It is true that a salient-pole synchronous motor would have an 
advantage over one with a round-rotor field providing both had 


- the same air-gaps and both were of standard design, but in this 


new motor we have the restricted gap which, apparently for the 
first time, fulfils the desire expressed by Mr. Hobart, and in 
addition we have a self-exciting feature which practically over- 
comes the disadvantages usually encountered due to armature 
reaction. It would therefore seem highly desirable if we could 
have a comparative study of a Fynn-Weichsel motor and a stand- 
ard salient-pole synchronous motor. The former exhibits such 
remarkable synchronizing power that it would appear that this 
feature might be made the basis of such a comparative study. 
It would be interesting to compare these motors on the basis of 
weight for equal capacities. On the basis of efficiency, the 
Fynn-Weichsel motor has every advantage, even that of commu- 
tator losses, if we take into consideration, as we should, the 
source of d-c. supply required by the standard synchronous 
motor. 

There is one other feature [ should like to mention, and that is 
that this motor requires a somewhat longer shaft between bearings 
than do other motors, and with the small gap, this becomes a 
feature in the mechanical design of considerable importance. 
The rotor must be truely centered, the shaft must be stiff and the 
bearings must not be subject to wear. These conditions might 
naturally be expected to add somewhat to the cost of the motor. 
However, there seems to be no good reason why they should not 
be met. 

R. E. Ferris: With the operating men with whom I have 
talked, the cost of maintenance and continuity of service is a 
very important factor, of first importance, you might say. 
Therefore, it seems to me that all complications possible should 
be omitted, even at the expense of slightly reduced desirable 
operating characteristics. 

There is one thing that has been introduced in this motor, and 
that is a double winding. As a d-c. designer, I have tried to 
avoid double windings consistently. When we got into the 
higher voltages, we were almost of necessity driven to double 
windings, especially on machines of lower capacity. However, 
I have even gone to the extent of designing two separate arma- 
tures, separating the commutators, and in that way the windings, 
in order to avoid, what seemed to me, the complication of a 
double winding’ 

L. M. Perkins: The Fynn-Weichsel motor or any high-power 
power-factor motor must cost more than a simple induction 
motor. It cannot be made to cost less, because it is exactly like 
the induction motor, with the addition of a commutator and 
extra brushes and winding. 

The higher energy cost is inherent in the high-power-factor 
motor. If the motor has a high power factor, it means that the 
secondary current is thrown out of phase, very decidedly, with 
the field flux of the motor and, therefore, the torque for a given 
current and a given field is markedly decreased. The higher the 
power factor, the more this torque will be decreased. In addi- 
tion to this, of course, there are the commutator and brush losses 
which again decrease the efficiency. 
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In his paper, Mr. Weichsel brings up a comparison of efficien- 
cies or copper losses of the Fynn-Weichsel motor as against the 
plain induction motor. This appears in Fig. 24. While D 
is the primary current of the ordinary motor and C is the primary 
current of the Fynn-Weichsel motor, D is the current which flows 
in the stator winding and, therefore, the large winding of the nor- 
mal motor, while C is the current which flows in the rotor wind- 
ing or small winding of the Fynn-Weichsel motor. On the other 
hand, B is the current which flows in the rotor winding of the 
ordinary motor, while A is the current which flows in the stator 
winding of the Fynn-Weichsel. Therefore, A and D should be 
compared while C and B are also compared. C and B cannot 
differ very much, but A is much larger than D, and therefore 
entails much higher loss. 

In addition to that, the point made about the concentric wind- 
ing used in the stator of the Fynn-Weichsel motor can also be 
applied, of course, to the induction motor which can also use a 
concentric winding. 

Further than this, the examples chosen, comparing the Fynn- 
_ Weichsel motor with the synchronous condenser, are not the 
most practical conditions because the Fynn-Weichsel is, in 
general, built in smaller sizes, and in those smaller sizes the com- 
mercial comparison will be made not between the Fynn-Weichsel 
and the synchronous condenser, but between the Fynn-Weichsel 
and the static condenser which has very low losses. For this 
reason, the Fynn-Weichsel motor cannot have a greater loss 
than the equivalent induction motor, without suffering a loss of 
efficiency of the system. 

W.C. Kalb: In considering a motor of the type described by 
Mr. Weichsel there is one factor which should not be lost sight of, 
and that is the peculiarity of the operating characteristics of the 
motor when meeting overload conditions. On certain applica- 
tions this represents a distinct advantage and may give the motor 
a preference over other types. 

As a specific case, I have in mind a certain mill where it is 
essential that a product be ground to uniform mesh. The 
objection to an induction motor is that this apparatus is operated 
by unskilled labor, incapable of judging its operation by watch- 
ing any form of indicating meter, and that the fineness of the 
material produced varies with the speed. As the mill becomes 
overloaded by too rapid feeding on the part of the operator, the 
drop in speed is gradual; it does not call itself to the attention of 
the operator by a change in tone, and variation in mesh results. 
The synchronous motor would be ideal from the standpoint of 
uniform speed, but the objection to it-is that when the overload 
point is reached, the motor drops its load and the material 
circulating through the separating system drops back into the 
mill, stalling it completely, and making it necessary to open the 
mill and remove the charge. 

With the peculiar characteristics of the Fynn-Weichsel motor, 
when this overload condition is reached the motor drops into 
induction operation ata sufficiently rapid rate so that the change in 
tone of the mill is noticeable. The operator at once recognizes 
that his machine is overloaded, ceases feeding until it has time to 
clear the load, and then proceeds without interruption and with 
but a momentary disturbance of the uniformity of his product. 


F.G.Baum: The operating men and the designing engineers 
know that the induction motor as it is today and will probably 
continue for a long time is what might be called “‘the brute of the 
electrical system.”’ That is, the induction motor not only throws 
on the kilowatt-hour load, but throws onto the system a ky-a. 
load which pulls down the voltage of the system. That burden 
that it throws onto the system, let us say, by making. a power 
factor 0.80 in place of 1.00, may increase the current 25 per cent, 
which may inerease the losses, say, 50 per cent in our trans- 
formers, in our transmission and in our generators. We have 
then to take account of the losses all the way through to the 
power station. 


In the design of the generators, the worst thing that the genera- 
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tor designers have had to contend with in the last twenty-five 
years has been this question of the power factor. Low power ° 
factor not only adds a burden all the way through but we must 
carry probably 50 per cent higher excitation on the generators 
than we would for*unity power factor. For example, we may 
have the generators excited for 100 amperes at open-circuit 
voltage, 200 amperes for unity power factor, and 300 amperes for 
power factor of 0.80. The high field called for by the low power 
factor is a menace to the system and it is, you might say, a 
pointed gun presented to cause trouble in case anything happens. 

Anything that will tend to correct that, of course, will be 
beneficial. I have for years been hopeful that the synchronous- 
motor designers would design small units, and I believe they 
are doing that more and more. I think we are going to see 
more of that done in the future, for I believe we would have an 
entirely different kind of power system if we could get rid of this 
“brute” action of the induction motor on the power system. 
Such work as Fynn and Weichsel are doing is therefore of general 
interest to the electric power industry. 


R. E. Doherty: I think there is no question whatever that 
in those eases of application in practise where the particular 
characteristics which these motors have are required and where 
the economics of the situation justify the investment, they have 
areal field. Those facts will determin2. of course, the extent of 
the application. 


With reference to the historical sketches of Professor Upson, 
which I believe dated back to 1913, I would call attention to the 
fact that very material progress has been made in the design of 
synchronous motors since that date. Whether in the future the 
synchronous motor is going to be further developed and this 
question of power factor solved by a simplified synchronous 
motor, or whether it is going to be solved by some form of com- 
mutator motor, will depend altogether upon the economic factors 
in the situation and the requirements of the loads. 


A. M. MacCutcheon: I would like to ask Mr. Weichsel how 
the resistance is automatically cut out in starting thismotor. — 


It seems to me that this type of motor surely has its place. I 
think Mr. Weichsel said that the cost of the motor was some 15 
per cent, on the average, over that of a slip-ring motor of equal 
capacity. We all appreciate the increase in the price of a slip- 
ring motor over the very simple squirrel-cage. We appreciate 
that there are some disadvantages to the commutator, and to the 
extra windings. As a previous commentor has said, we must 
equate between the additional cost and the additional advantages. 
I suggest as a new idea that if we are going to go to the com- 
mutator, possibly we can correct the power factor either by a 
large size motor of this type or by a synchronous motor, if that is 
more economical, driving a direct-current generator and have a 
certain number of direct-current motors in a plant with all their 
consequent advantages. 


Some eight years ago, I think, a good many felt that the day of 
the direct-current motor had passed. If I interpret the tendency 
in the commercial field today aright, there is a very decided tend- 
ency to use both aiternating and direct current in any large plant 
as the ideal system. There are still many things that can be 
done with the direct-current motor which cannot be done with 
the very excellent Fynn-Weichsel motor. Therefore, if we in- 
crease the power factor by some form of large unit, either a 
Fynn-Weichsel motor or a synchronous motor, which could be 
easily maintained and inspected, it might be more economical 
than a large number of Fynn-Weichsel motors distributed 
throughout the plant, and we would have direct-current as well, 
with its very obvious advantages. 


C. F. Scott: I don’t know that we all recognize the funda- 
mental basis of this discussion on motors. It happens that 
Faraday and Henry when they invented electromagnetice induc- 
tion put in two things: motion, and magnetic field. Those two 
things—the motion and the field—for producing electromotive 
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force are the fundamentals of our electromagnetic machinery. 
Without the field, a generator or a motor is helpless. 

We have been much troubled about the field. Alternators 
have exciters as a matter of course. The motor, too, must have 
its field and the question is: Can we produce that field more 
economically locally at the motor by having permanent magnets, 
by providing direct current for excitation from a battery or an 
exciter, or can we bring the exciting current in the form of alter- 
nating current (lagging or ‘‘wattless’’) from our alternator which 
supplies the in-phase power current? If we take magnetization 
for the motor from the alternator, we subtract from its magneti- 
zation and we must, as Mr. Baum says, put more d-c. excitation 
into the generator. We must produce somewhere the excitation 
for every machine in the system. One way is to produce all the 
excitation (as well as all the ‘‘motion’’) back in the power-house 
by putting in a bigger exciter and supplying magnetizing current 
through alternating mains. Another way is that of the motors 
described today, in which the commutator makes the motor self- 
exciting. 

We are content to supply the motion, the power, the turbine, 
but everybody thinks it is all wrong that we should have to supply 
the magnetization. If Faraday and Henry had done differently 
we might do differently too, but as things stand we must supply 
both. 


C. H. Sonntag: The Portland cement industry, with which 
the writer is identified, is one of those in which efficiency and 
high power factor in power transmission have been somewhat 
sacrificed to secure the greatest possible continuity of mill opera- 
tion. This is particularly true in the case of the smaller motors. 
The tendency in recent years towards larger grinding machines 
has carried with it the demand for larger motors, which for 
application to individual machines now range in size from 75 
h. p. to 500 h. p. Of these, the smaller ones are of the slow- 
speed squirrel-cage type, usually running at about 500 rev. per 
min. and so having only a moderately high power factor, while 
the large motors are usually of the synchronous type, which can 
be operated with leading current. 

If these were the only motors to be run, the power factor of the 
system could be kept ata very satisfactory point. Unfortunately 
a cement mill needs a large number of small motors to drive 
conveyors, elevators, packers, kilns and other necessary ma- 
ehines. These motors will range in size from 5 to 25 h. p. or 
more, and to avoid excessive speed reduction, will run at a mod- 
erate speed—say about 700 rev. per. min. 

The effect of these small slow-speed motors on the system 
power factor would be bad enough, even if they were fully loaded. 
But the cement-mill operator has learned from experience that 
such drives are frequently heavily over-loaded, due to slides of 
cement, accidental or necessary stoppages, and the general tend- 
ency of unskilled help to overload equipment. It is a peculiar 
fact that a serew conveyor handling cement, ground limestone or 
similar material will carry a very large load without excessive 
power demand as long as the material is kept moving, for the air 
that is mixed with the powder makes it almost as mobile asa 
liquid. But if the loaded conveyor is stopped for a few minutes, 
so that the contents have a chance to settle and pack, it will be 
found impossible to start it, if of amy length, with a motor that is 
only large enough to run it as long as it is in motion. Such 
drives are usually over-motored at least 50 per cent, sometimes 
more, and the effect on the power factor can, be imagined. 


The cement manufacturer would weleome some way to cor- 
rect for the low power factor of these small drives, and this way is 
now offered through the use of the Fynn-Weichsel motor that has 
just been described. What is needed is a machine that is rea- 
sonably simple so that the brutal treatment it will receive, 
and the constant presence of cement dust in the air will not put 
it out of business, and that does not require separate excitation. 
The Fynn-Weichsel motor is, in the writer’s opinion, such a 
machine. 
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Some may think that the presence of a commutator makes this 
motor undesirable for use in dusty places. So far as the dusts 
found in cement-mill practise are concerned, this conclusion is 
not borne out by the facts. The commutator, instead of being 
cut and scored away by the dust, is given a high polish, and stays 
in excellent condition. When electric drive was first introduced 
into cement-mill practise, it was by the use of direct-current 
motors, and the excellent records made by the commutators of 
these old machines are still a matter of comment by those who 
were familiar with them. 

Recently the writer had an opportunity to made a complete 
graphic record of the performance of one of the department cir- 
cuits of a cement mill, on which were four 25-h. p., 1200 rev. per 
min., Fynn-Weichsel motors, together with seventeen squirrel-cage 
motors ranging in size from 50 to 5 h. p., most of them only half- 
loaded, and running at 690 rev. permin. The circuit was at 440 
volts, three phase, 60 cycles. The Fynn-Weichsel motors were each 
driving, by direct connection through a flexible coupling, a three- 
tube Bates packer, which is a machine for filling bulk cement into 
bags. The average load on each was about 20h. p. The other 
motors were driving screw conveyors, elevators, dust-collecting 
fans and a bag-cleaning wheel. 

The sections of simultaneous charts from the graphic watt- 
meter and power factor meter shown herewith in Figs. 1 and 2 
give a very good idea of the influence of the Fynn-Weichsel 
motors on the power factor of the circuit. The entire record is 
too long to show satisfactorily, so only the important parts are 
exhibited. The curves are somewhat irregular, because the 
entire equipment was working under commercial rather than 
laboratory conditions. 

A number of squirrel-cage motors were started in order to get 
enough current through the power-factor meter to insure positive 
operation. The first was a 50-h. p. fan motor, partly loaded with 
a power factor of about 62 per cent. As smaller lightly loaded 
motors were started, the curves show very plainly that while the 
power demand increased, the power factor went progressively 
down until it went below 50 per cent, which was as low as the 
meter would register. The pen was against the stop when it 
drew the straight line at the point D. The indications on the 
wattmeter charge should be multiplied by 200 to get correct 
values. : 

At E the first Fynn-Weichsel motor was started, and the im- 
mediate increase in power factor from less than 50 per cent to 
about 78 per cent is very evident. 

At F more small motors were started, bringing the load to 78 
kw. and the power factor to 72 per cent. 

At G another Fynn-Weichsel motor was started, bringing the 
power to 96 kw., the power factor to 83 per cent. 

The load was further increased by adding two more Fynn- 
Weichsel motors and three small ones, with a final load of 125 
kw. and a power factor of 83 per cent, which is excellent con- 
sidering the underloaded condition of most of the small motors. 
Some of these are not needed continuously, and the effect of 
shutting them down is shown in Fig. 2. 

At P’a 10-h. p. squirrel-eage motor is shut down. The power 
falls to 118 kw. and the power factor rises to 88 per cent. 

At Q another 10-h. p. squirrel-cage motor is stopped, the 
energy dropped to 110 kw., and the power factor rising to 94 
per cent. 

At Rand S stopping two 20-h. p. and two 10-h. p. squirrel- 
cage motors drops the power to 63 kw. and raises the power 
factor to 84 per cent leading. At this point four Fynn-Weichsel 
motors and a few small ones were still running, but the load on 
the Fynn-Weichsel motors was falling off. 

At T a Fynn-Weichsel motor was stopped and the power 
dropped to 55 kw., the power factor changing also to 88 per cent 
leading. 

At U another Fynn-Weichsel motor was stopped, power falling 
to 39 kw. and power factor to 95 per cent leading. 
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Beyond this point the indications of the power-factor meter 
were not dependable, owing to the small current flowing in it. 
Taken in their entirety these charts show that the Fynn-Weichsel 
motor is of very real value in counteracting the poor power factor 
of underloaded slow-speed induction motors. Where conditions 
permit, this correction may be earried to the point where the 
resultant power factor makes the load a desirable one either for 
the central station or the isolated plant. 

P. H. Thomas: While there can hardly be much new to be 
said at the present time on the subject of power-factor correetion 
in industrial power-supply circuits, it still may be worth while to 
point out the fact that the indicated development of our power- 
supply systems is likely to throw a somewhat different emphasis 
on the importance of lagging current. 

It goes without saying that considering the field in general, 
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correction. The type of motor advocated by Mr. Weichsel will 
admirably meet many cases; sometimes the power factor may be 
better corrected through large synchronous motors. In this 
ease the additional cost of the special apparatus must be balanced 
against any saving that can be made in the necessary correction 
in generators and feeders. 

In those eases in which this correction must be made by in- 
stalling additional apparatus, such for example, as additional 
generators or synchronous condensers or their equivalent, the 
advantage of using motors of the type proposed by Mr. Weichsel 
becomes very greatly enhanced, for the installation of new capac- 
ity in generating apparatus or condensers is a very different 
thing from operating existing machinery at a lower power factor. 
In other words, up to a certain point there is very little to be 
gained by the more expensive, higher-power-factor motor and 
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each actual situation must be considered by itself and they range 
all the way from conditions where power-factor correction is of no 
value to those in which power-factor correction is all-important. 

Where the effect of lagging current is merely to lower the power 
factor of the load of a generator, leaving it still well within the 
proper operating range of the generator and where regulation and 
losses on transmission lines are not deleteriously affected, there is 
very little warrant for the additional expense or the lower 
efficiency of special forms of induction motors. This is because 
the use of such motors will not reduce the initial cost of the system 
or its operating expense. In cases, however, where the amount of 
lagging current is sufficient to load the generators beyond the 
safe current-carrying capacity of armature windings, or where the 
regulation is adversely affected, or in those cases where the local 
feeder voltage drop or line losses become excessive, power-factor 
correction at the load end of the feeders becomes worth while, 
but there is always a question as to the best method of making the 


other expedients may be cheaper; beyond this point the impor- 
tance of the high-power-factor motor may become emphasized 
many times over; other remedies then become very 
expensive. 

I would like to point out further that as interconnection and 
interchange of load forward and backwards between power 
systems grow, the situation is likely to eall for high-power-factor 
load with considerable emphasis. To pass power forward and 
backward over the same line there must be a control of the power 
factor and if this power for both ways is anything like equal in 
volume it will be necessary to have it pass at leading power in one 
or both directions. Obviously this condition of leading power 
factor can be obtained only by providing means locally for earry- 
ing all of the lagging current of the loeal load and in addition 
supplying whatever additional leading current may be required. 
In this case the expense of bad power factor is very great because 
it must be corrected by carrying the lagging current on rotating 
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machines, at the same time carrying the load received over the 
interconnecting line. 

As it is not possible to read the future of any particular system 
very far ahead, it may well be the part of wisdom to establish the 
policy of improving power factor of the general load from time 
to time as far as may be reasonable so that when the time comes 
when the high power factor is essential it will not be unduly ex- 
pensive to secure it. 

This brings forward another aspect of this matter. Since it is 
equitable and necessary that the purchasers of power shall ulti- 
mately pay the entire cost of furnishing the power plus a proper 
return on the investment and since bad power factor tends, in 
such cases as I have outlined, to increase very materially the cost 
of installation and to jeopardize the character of the service, there 
should be a premium in some form on a high power factor for 
consumers. At the present time in most cases while it is for the 
interest of the industry as a whole and the users in the aggregate 
that a good power faetor should be established on a system, it is 
not to the interest of any individual consumer of power to have a 
high-power-factor load for it costs more money for him to get it 
and his individual bad power factor will not effect the cost of 
power as a whole enough to effect his rate. In other words if he 
establishes a high power factor he will make a benefit to the 
industry in general but will not improve his own rate for power. 
If these rates be so adjusted, as they are in some places, as to 
make a saving for individual consumers to establish high power 
factors, the burden of producing this general high-power-factor 
condition, which is good for the general industry, will be distrib- 
uted: over all the consumers of power in a more or less fair pro- 
portion. It seems to me that thisis perhaps the most important 
aspect in the present discussion of the power factor. 

G. S. Smith: The paper presented by Mr. Weichsel gives a 
very thorough and enlightening analysis of this hew development 
in the line of motors. However, like most new developments, 
it may require some education on the part of: the buying public as 
well as an added incentive from the power companies, before its 
true worth is realized. 

It is needless to say that most plants using electric power are 
over-motored though not always without good reasons. How- 


ever, there is a strong tendency for the superintendent in charge - 


to favor a much larger motor than necessary, to avoid operating 
troubles, since the motor often gets less attention than the re- 
mnainder of the machinery. Outside of the added investment in 
the first cost of the motor the power consumer is suffering no 
great loss unless he is penalized for the resulting poor power 
factor. 

Since over-motoring a plant is often desirable, if not necessary, 
there is little doubt but that the future will see a great need for 
more power-factor correction, and this motor ought to supply 
that need since it has many desirable characteristics together 
with all the ease of starting found in any wound-rotor induction 
motor. 

A series of demonstration tests were run on a 15-h. p. motor at 
the University of Washington, and the operation of the motor 
was found excellent. Its various characteristics were checked, 
and a number of oscillograms taken showing starting as well as 
various changes in operation from synchronous to induction 
operation and the reverse. The ease with which it synchronized 
even at high overloads, due to the so-called injected current, 
seemed the most remarkable part. 

It might be desirable to afford some means of easily adjusting 
the power factor at which the machine operates after it is installed. 
Such an adjustment should be simple, though it might not be 
justified since every added adjustment usually means an added 
possibility for trouble. 

There seems to be a decided fluctuation in the a-c. current 
drawn by the machine when it changes to induction-motor 
operation on overload. This, of course, is to be expected after the 
function of the injected current due to slip is understood, though 
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it is not altogether desirable. The oscillogram in Fig. 3 herewith, 
shows this current variation and its relation to the induced ecur- 
rents in the two stator fields. The fluctuation indicated on the 
oscillogram is probably greater than would ordinarily take place 
since the change in load was made quickly in order to reduce the 
time and obtain a good record of the values both before and after 
the change. This doubtless resulted in some hunting of the 
larger machine used as load. However, the load at which it 
drops out of step is so high that it would seldom operate thus. 

Inquiries have been made by engineers in this territory as to 
its operation as a generator when driving torque is applied to its 
shaft. It might thus be used to develop small water-power cities, 
floating on the line at periods of low water, and run as a self- 
excited alternator when water is available. Its power factor for 
both periods could probably be kept near to unity, or leading. 

Some tests were run on a 7%-h. p. machine with the d-c. brush 
setting specified by the factory for motor operation. It was 
found that at small loads the machine would generate as a self- 
excited alternator but would soon drop out of step and operate 
as an induction generator with similar slip characteristics as given 
on motor operation at overload. Fig. 4 shows an oscillogram of 
various currents and voltages in the machine with this operation 
and may be of interest. 

Tests were also made with several other d-e. brush settings, and 
with positions near 90 electrical degrees from the field axis, the 
machine would easily carry full load at synchronous speed, with a 
leading power factor, approaching unity as the load increased. 
At higher loads the machine dropped out of synchronism and 
continued as an induction generator but readily dropped back 
into step at about the same load it carried before when running at 
synchronous speed. The field current was slightly higher than 
for the same load on motor operation, but. remained at about the 
same value throughout the range of load. 

Fig. 5 shows an oscillogram of its performance changing from 
synehronous-generator to synchronous-motor operation near 
half load on each: The brush setting for this was about 67 elec- 
trical degrees from neutral in the direction of rotation. There is 
little change to be noticed except the phase difference of voltage 
and current. The oscillogram represents a little less than 0.5 
sec. in time. The power factor was leading for both operations. 
Fig. 6 shows its performance as an induction generator pulling 
into step and continuing operation as a synchronous generator 
at the same brush setting as for Fig. 5. Here again the quick 
change required is responsible for a large part of the current 
variation. Oscillograms in Figs. 5 and 6 were taken on a 
714-h. p. motor, which is one of our laboratory machines. 

Further tests were not made due to alack of time, but, with the 
proper brush setting or some other adjustment, a generator opera- 
tion might be found which is as desirable as its motor operation. 
The tests described simply show that it has possibilities as a 
generator. 


It might be well to mention that at all brush positions tried, 
its starting and synchronizing characteristics as a motor were 
still very good, even though it was belted to a much larger 
machine. 

From the educational point of view we have taken a great deal 
of interest in this machine since it is very illustrative of the 
possibilities of new developments by combination of the char- 
acteristics of well-known machines. We are interested in seeing 
the most made of its possibilities, as well as in the elimination of 
its disadvantages. It seems to be a big step forward toward 
supplying an increasing need which is not now satisfied. 


Cc. R. Underhill (Communicated after adjournment): 
I regard this motor as a very important and timely device. 
Power-factor correction is an economic and operation proposition, 
and where motors having the general characteristics of the one 
described can be applied to an existing industrial-plant distribu- 
tion system, particularly when placed close to motors whose 
power factors are to corrected, such motors should undoubt- 
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edly be used. However, before deciding upon any form of power- 
factor-correcting apparatus, a careful study of conditions should 
be made, a change to a higher voltage considered, and then the 
induction motors should be loaded to their maximum safe capaci- 
ties by proper substitution, that is, by putting the right motors 
on the right jobs, the diversity of operation being duly considered. 
I have supplied induction motors for new drives without pur- 
chasing a single motor, and have put a number of motors in stock 
besides, while increasing the plant power factor above the penalty 
limit by loading the motors to their proper capacities, and 
that is, or should be, common practise. 

In considering the use of synchronous motors, static conden- 
sers, or motors of the type described in the paper, it must be 
remembered that a current of abnormal strength flows between 
the induction motor or motors and the power-factor-correcting 
device or devices. For instance, connecting a synchronous 
motor or a static condenser across the plant terminals to correct 
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above the penalty limit. Such managers have very poor con- 
ceptions of losses in their own plant conductors. They do not 
realize that higher voltages, or else larger conductors, would in 
many cases save them much money annually and pay good re- 
turns on the investment. 

With the above reservations, I weleome the new motor, which 
I have studied and have witnessed in operation, as a general 
motor which, even if it has a commutator, is a distinet improve- 
ment over the present induction and synchronous motors. 
However, it should not be considered a cure-all, as in cases where 
plant conductors are too small or plant voltages are too low for 
the prevailing plant distribution system. There are instances 


within my own experience where there have been such excellent 
distribution systems and voltages that any savings in the dis- 
tribution losses due to low power factor were not worth any ex- 
penditure for power-factor-corrective apparatus after the in- 
duction motors were fully loaded. 


Fie. 3 
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Figs. 3-4-5 anp 6—OSCILLOGRAMS SHOWING OPpRATION OF FyNN-WeICcHSEL Morors 


Figs. 4-5 and 6 are for a 71% h. p.-motor 

Fig. 3 is a 15-h. p., 220-volt motor droppmg out of synchronism. Vj, 
is line current. It was 50 amperes before the motor dropped out of syn- 
chronism and 80 amperes afterward. V»2is current in the auxiliary winding, 
and it was 41 amperes before dcopping out of synchronism. V3 is current 
in the field winding. The power factor was 0.81 leading before dropping 
out of synchronism and 0.72 lagging afterward. 

Fig. 4 shows the change from motor to induction-generator operation. 
V; is line current. V2 is current in the auxiliary winding. V3 is field 
winding current. 


the plant power factor does not remove the magnetizing current 
from the plant distributionsystem. Connecting static condensers 
across the terminals of individual induction motors minimizes the 
magnetizing current in the wiring system, but not in the conduct- 
ors connecting a static condenser toa motor. Hence, the use of 
motors of the type described in the paper should be earried out 
with the full understanding that too great distances between 
induction motors and power-factor-correcting apparatus, or too 
small conductors, may be the cause of considerable losses in the 
connecting conduetors. 


Where two-charge rates prevail, for instance, control of the 
demand may be more important than correction of the power 
faetor from a billing standpoint, and it is often difficult to impress 
upon plant managers the fact that further savings can be made 
after the demand has been minimized and the power factor raised 
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UNDER VARIOUS CONDITIONS 


Fig. 5 shows the change from synchronous-generator to synchronous- 
motor operation. The generator load is 2.7 h.p.; the motor load is 


4.3 h.p. V3 the gencrator field amperes are 15; the motor field 
amperes are 19. V2 equals auxiliary-winding amperes, Vj equals lines 
amperes. 


Fig. 6 shows the change from induction-generator to synchronous- 
generator operation. The syachronous generatorload is 5.3 h.p. The 
synchronous-generator field amperes, V3, equal 11. Vz equals line 
voltage. 


From my point of view, there is altogether too much stress 
placed on the efficiencies of motors. .I prefer economy to ef- 
ficiency. Would more efficient induction motors prove more 
economical if constructed from present available materials and 
and by present methods? Ido not believe we could afford to buy 
much more efficientmotors. From theindustrial-plant manager’s 
standpoint, the motor that will show the greatest saving in dollars 
is more important than the one that will show the greatest effi- 
ciency in per cent. 

H. Weichsel: Professor Scott has presented, in a very vivid 
manner, the meaning of wattless and watt currents first by the 
‘*two-color’’ method which he devised years ago, and which has 
proven to be of an extraordinary help in explaining the more or 
less puzzling phenomena of watt and wattless currents, and 
second by the statement he made today that every electric 
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motor requires excitation, which may either be produced in the 
power house or at its place of-consumption. It may be expected 
that his manner of explaining these phenomena will greatly 
contribute to a clearer conception of the advisability and reasons 
for installing power factor correcting devices. 


I agree fully with Professor Upson that from the electrical 
engineer’s point of view an electric machine should have as small 
an air-gap as is mechanically possible. Professor Upson is 
entirely correct that the distance between bearing centers in the 
Fynn-Weichsel motor is larger than in standard induction motors. 
“May I add, however, that the increase in length is not very large, 
as the width of the commutator is usually less than that of the 
slip-rings of a standard induction motor. Therefore, no ab- 
normal problems arise in the design of the shaft for sufficient 
stiffness to prevent abnormal deflection. 


Mr. Ferris stated that, in d-e. machines, he has found it usually 
disadvantageous to use double-winding armatures. May I point 
out that, according to my judgment, the problem in standard 
d-e. machines is quite different from the one which presents itself 
in the design of Fynn-Weichsel motors. In d-c. machines, es- 
pecially in those machines to which Mr. Ferris refers, a high 
voltage exists at the commutator and further, a high potential 
difference also exists between the two windings. In addition to 
the above, the energy carried by the commutators is quite 
appreciable. 

On the other hand, in Fynn-Weichsel motors the voltage in the 
d-c. winding is extremely low and as there is no interconnection 
between the d-c. winding and the armature a-c. winding, no 
potential strain exists between these two windings. Further, the 
energy of the d-e. winding forms only a small percentage of the 
total output of the machine. 

Finally, there is practically no possibility of a burnout of the 
d-e. winding on account of the peculiar characteristics of the ex- 
citing current of these machines. Tests, as well as theory, show 
that the exciting current between full load and maximum load 
varies only slightly. 

Mr. Perkins points out that the copper losses in the stator 
member of a standard induction motor, when compared with the 
corresponding copper losses in the stator member of the Fynn- 
Weichsel motor, in his judgment, are materially larger for the 
Fynn-Weichsel motor than for the standard induction motor. 
This reasoning is based on the assumption that the concentric 
winding which is used in the Fynn-Weichsel motors can with 
equal advantage be used in standard induction motors. As I 
did not explain in detail the particular type of concentrie winding 
which is used in Fynn-Weichsel motors, it can readily be seen why 
Mr. Perkins arrived at this conclusion. __ 

The concentric winding, employed by me, cannot be recom- 

~ mended for standard induction motors, as it leads to uneven 
loading of the different phases. On the other hand, this winding 
is extremely advantageous in connection with Fynn-Weichsel 
motors, as it allows a better field distribution, shorter mean turn 
length, and a copper section in the axis of the main field winding 
which is larger than in the axis of the auxiliary winding. This 
results in a field winding loss materially below the values which 
Mr. Perkins estimated from the ratio of the vectors A and D in 
my Fig. 24. I may add here that this particular winding is 
covered by a United States patent. 

Mr. Perkins further states that, in my paper, a comparison is 
made between an installation, the power factor of which is cor- 
rected by the Fynn-Weichsel motors and an installation with a 
power factor corrected by synchronous condensers. I am sorry 
that the paper conveyed this meaning to him. The paper makes 


repeated reference to “idle-running phase-correcting devices,’’ 


meaning thereby either static condensers or synchronous condens- 
ers. Static condensers, as a rule, require transformers and the 
energy consumption of these units or any other apparatus capable 
of producing leading wattless current without doing useful work 
amounts to about three to four kilowatts for every 100 kv-a. 
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corrected. In Appendix 3, an example shows that, with power- 
factor conditions as usually found in praxis the efficiency of the 
Fynn-Weichsel motors can be 5.9 per cent less than that of a 
squirrel-cage motor and still give the installation the same overall 
efficiency as if it would consist of squirrel-cage motors only and 
the correction being produced by static condensers. Elsewhere 
in the paper it has been shown, however, that the efficiency dif- 
ference between squirrel-cage and Fynn-Weichsel motors is 
considerably less than 5.9 per cent. Often these efficiencies are 
alike, while in large units they are even sometimes better for the 
Fynn Weichsel motor than for the squirrel-cage motor. 

Mr. Kalb mentions an experience with this new type of motor 
which is rather interesting. He states that the slight speed varia- 
tion which occurs when these machines are sufficiently heavily 
overloaded to force them to operate as induction machines, has 
proven to be an advantage rather than a disadvantage. A 
condition similar to the one mentioned by Mr. Kalb has also been 
experienced in connection with protecting devices for these new 
motors. When the machines become sufficiently loaded to force 
them to operate as induction machines, the current draw from 
the line rises abruptly due to the change in power factor and to 
the small speed variations. This, in some instances, has resulted 
in a‘very positive operation of the protective devices. 

Mr. Baum stated in a very able manner the great difficulties 
and dangers which arise in a system with poor power factor, which 
usually is caused by “‘the brute, the induction motor.’”’ His warn- 
ing that the excitation in the generators, due to low power factor, 
is a point gun, and cannot be too much emphasized. Accord- 
ing to present indications, Mr. Baum’s hopes are soon to be ful- 
filled, as synchronous motors of small and medium sizes, es- 
pecially of the type described in the paper, are becoming more 
popularevery day. : 

Mr. Doherty refers to the possibility of correcting the power 
factor by a variety of means. There is no doubt that it isan 
economic question to decide which method for correcting the 
power factor is the most advantageous. In my way of looking 
at it there is no universal remedy for the ills of poor power factor. 
There appears to be a field of usefulness for almost any of the 
known power-factor corrective means. It is an economic, as 
well as an engineering, problem to determine from case to case 
the best means for achieving the desired results. 


Referring to Mr. McCutcheon’s discussion, I desire to state 
that the starting resistances for this new type of machine can be 
operated automatically in exactly the same manner as for stand- 
ard slip-ring induction motors. He further points out the pos- 
sibility of achieving the desired results of power-factor correction 
by using d-e. distribution and a-c. transmission, employing a 
converter or motor generator. set as a link between the transmis- 
sion and distribution systems. I believe that it will be found 
that such an arrangement is more expensive than a straight a-c. 
distribution and transmission system. 

There is another point which should not be overlooked. In 
almost every industry there are certain places where nothing but 
squirrel-cage motors can be operated satisfactorily. Therefore, 
alternating current is required for these motors, and if direct 
current were to be used for the remaining machines, the wiring 
system would be unnecessarily complicated. For instance, this 
difficulty may be overcome by using straight a-c. distribution 
and correcting the power factor in the distribution system by 
using this new type of machine. 

Mr. Sonntag contributed some very valuable information; 
his experience that the capacity of the squirrel-cage motors in 
cement mills must be selected in accordance with the starting 
torque rather than according to the running load, finds an analogy 
in a great many other industries. May I refer here, for instance, 
to the marble cutting plant which is discussed in the paper. By 
the use of Fynn-Weichsel motors, this difficulty is overcome and 
in a good many eases a smaller horse-power motor ean be used. 
The advantageous results obtainable in this manner are very 
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forcibly demonstrated by the charts he presents. His statement 
that cement dust is not detrimental to slip-rings and commutators 
appears to me as rather important, since it is a conclusion based 
on many years of actual experience. 

Mr. Thomas points out that there are cases where it is un- 
economical to correct the power factor. The cases he cited may 
in general, perhaps, be called installations which are not working 
to their full capacity. The suggested method of gradually adding 
to the system power-factor correcting devices is, no doubt, very 
sound, because any system which is underloaded in the beginning 
will sooner or later be fully loaded, and if is then when the power- 
factor correction has the most beneficial effect. 

Mr. Thomas’ recommendation of operating transmission lines 
with high power factor reminds me of a statement made to me 
sometime ago by one of the engineers who was instrumental in 
bringing about our so-called ‘‘superpower system.” He stated 
that the greatest difficulty encountered in these systems is caused 
by the lagging current, which is ‘“‘kicked around”’ from one power 
plant to another like a football. When operator A finds ex- 
cessive, wattless currents, he changes the excitation of his 
generator and shifts the current to operator V and vice versa. 

Mr. G. S. Smith presents a very interesting oscillographic 
study of the Fynn-Weichsel motor when operating as a generator. 
These test results are extremely instructive and valuable. His 
test results throw a great deal of light on the somewhat puzzl- 
ing conditions which arise when these machines operate as 
generators. 

For those who are interested in this problem, a circle diagram 
of a Fynn-Weichsel motor is given in Fig. 7. A long time ago 
I derived this diagram and it has been used extensively 
in the actual design of machines. It is based on the assumption 
that the ohmic resistance in the primary member is negligible, 
a fact which is very nearly satisfied in actual machines. The 
angle found by the diameter of the circle forms and the vertical 
must be made equal to the angle between d-ec. brush axis and d-c. 
field axis in the machine. 
circle from the horizontal line O—1 represents the input to the 
machine. When the angle, @, is zero, the brush axis coincides 
with the field axis. For this condition, all points of the circle lie 
above the base line, meaning that the machine can operate as a 
motor only. However, if the brush axis forms a certain angle 
with the field axis, one part of the circle lies below the horizontal 
O-—1 and, gq, therefore, represents negative input, meaning the 
machine operates as a generator. 


If, for instance, the brush displacement is 90 deg. in direction 
of rotation, the machine is just as powerful as a generator as it is 
as a motor. If the brush axis is shifted 180 deg., then the entire 
circle lies below the horizontal O—1, meaning the machine can 
operate as a generator only. 


This circle diagram also shows when the machine is capable of 
delivering magnetizing current to the line and when it draws 
magnetizing current from the line. As long as the points of the 
circle lie to the left of the line 3—4, the machine delivers magneti- 
zing current into the system, and when the points of the circle lie 
to the right of the line 3—4, the machine takes magnetizing cur- 
rent out of the system. This is true whether the machine oper- 
ates as a motor or as a generator. 


Mr. Underhill recommends improving the power factor in an 
installation by properly selecting the size of the induction motors 
in respect to the load which they have to carry. There is no 
doubt that by this method a very great improvement in the power 
factor of the system can be obtained. I like to call attention, 
however, to some of its limitations. Many industries exist in 
which the load on the machinery is seasonal and in such eases it is 
not advisable to change the capacity of the motors in accordance 
with the seasonal business of the industry. There are also many 
cases where motors must carry, for a relatively short time, heavy 
loads and, for great periods of time, operate at no load or frac- 
tional load. Frequently the capacity of a squirrel-cage motor is 


The distance between any point of the 
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governed rather by the starting requirements than by the 
running load. 

These conditions can be particularly well cared for by installing 
machines which operate at unity or leading power factor for 
most of the time such as described in the paper. Installations 
of this kind also overcome the difficulty which Mr. Underhill 
pointed out that ‘héavy leading currents exist in the wiring in 
such cases where the power-factor correction is obtained by 
centralized power-factor correcting devices, such as synchronous 
condensers or static condensers. 

V. A. Fynn (Communicated after adjournment): In Mr: 
Weichsel’s paper there appears to be an indefiniteness in his state- 
ments as to the torque conditions in general and particularly 
as to synchronizing-torque conditions of the machine known un- 
der the trade name Fynn-Weichsel motor. 

The easiest way to avoid the numerous pitfalls scattered within 
this field and to gain a true picture and a true physical conception 
of what really happens in the machine is to deal separately with 
the torque produced by the currents induced in the windings F 
and A of Mr. Weichsel’s Fig. 4 and that due to the currents 
conduced or injected into F. 

The first is nothing more or less than the well known polyphase 


Fig. 7—Crircie Diacram or FyNN-WEICHSEL Motor 


induction-motor torque. It is known that, under balanced condi- 
tions, this induction-motor torque is practically constant at sub- 
synchronous speeds and becomes zero at synchronism. Itis further 
known that its value may be varied by varying the impedance of 
the secondaries to which it is due. We are also advised of the 
fact that under unbalanced conditions, for instance with different 
impedances in the circuits of the several secondaries, this induc- 
tion-motor torque loses its constancy and becomes undulating. 

The nature of the second torque, that due to the currents 
conduced into the secondary winding F by way of the brushes eo- 
operating with the commuted winding on the primary, and to 
which I refer as the synchronizing torque, is entirely different. 
The synchronizing torque in the motor under discussion is never 
constant at subsynchronous speeds and does not become zero at 
synchronism. At subsynehronous speeds this torque may be an 
alternating torque of double-slip frequency with equal positive 
and negative maxima orit may be a unidirectional torque; pul- 
sating from zero to a maximum at slip frequency, all according to 
the magnitude of the angle a of Fig. 4. _ As synchronism is ap- 
proached, the amplitude of the synchronizing torque increases 
and its frequency decreases, while the magnitude of the aforesaid 
induction-motor torque decreases and its frequeney, which is 
zero throughout, remains constant. At synchronism the fre- 
quency of the synchronizing torque is zero, the magnitude of the 
induction-motor torque is zero and the synchronizing torque — 
becomes the motive torque of the synchronous motor. 
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At the beginning the statements are indefinite and convey 
an erroneous idea of the function of the brush voltage in conjunc- 
tion with the winding F, which incorrect idea is later fostered 
by the curves of Fig. 10. 

A machine connected as in Figs. 54 and 58 starts and operates 
like an ordinary induction motor, approaches synchronism but 
never reaches it. Synchronism cannot be reached unless the 
winding F is connected to the brushes co-operating with the com- 
muted winding which results in the production of an alternating 
synchronizing torque with equal or unequal positive and negative 
maxima, said torque being added to or superposed on the ordinary 
induction-motor torque. 

The resistance, or more broadly, the impedance of the second- 
ary circuits affects the induction-motor torque and the synchro- 
nizing torque in like manner and is not the determining factor in 
the situation. The difference between the two torques and that 
which makes it possible for the conduced ampere-turns in F to 
synchronize the motor is the fact that, while the amplitude of the 
voltage induced in F diminishes to zero with decreasing slip, that 
of the voltage conduced into F remains constant for all rotor 
speeds. See lines 1 and 2 of Fig. 7. 


The fact that the frequency of the brush voltage is inherently 
the same as that of the voltage induced in the secondaries is not 
in itself sufficient to cause the additional torque to help the in- 
duction-motor torque. The determining factor in this case is 
the phase of said brush voltage with respect to that of the voltage 
induced in the secondary on which the brush voltage is impressed. 
The additional torque due to the brush current in F, may, ac- 
cording to the phase of the brush voltage, either help or oppose 
the induction-motor torque or alternately help and oppose 
same, but in no case is this torque constant and comparable 
to the induction-motor torque. At its best this additional 
‘synchronizing’ torque pulsates from zero to a positive 
maximum. 

The amplitude of this superposed pulsating or alternating 
torque is practically independent of speed variations of the order 
of magnitude of the slip of an induction motor from no-load to 
maximum load for the reasons that the brush voltage is inde- 
pendent of the rotor speed and that whatever changes in the 
magnitude and configuration of the synchronizing torque do 
take place when the motor speed varies are due to changes in 
phase and magnitude of the brush current in F. These changes 
are brought about by the change in the frequency of the brush 
voltage, which frequency inereases with increasing slip. Such 
being the case, the machine described by Mr. Weischel can- 
not run at a constant speed as an induction motor. The fact 
of the matter is that while the synchronizing torque is indispen- 
sable if the motor is to be operated synchronously, said torque 
interferes with the proper operation of the machine as an induction 
- motor, causing the motor speed to pulsate continuously. It is 
therefore not correct to say simply that the Fynn-Weichsel 
motor will operate at a higher speed than an induction motor 
when operating under otherwise equal conditions. Except for 
the roughest kind of work this machine is unsuitable for use at 
other than synehronous speeds. 


Judging by statements made in the paper, Figs. 8 and 9 
have reference to an induction motor operating very near 
synchronism with a small slip, say, at full load or at 
less than full load; under no other conditions are secondary 
voltage and current nearly in phase. We all know that under 
these conditions the induction-motor torque in balanced cir- 
cuits is constant and varies with the slip about as shown by 
Curve 1 of Fig. 10. All we are interested in is how the torque 
conditions are modified when the commuted winding located on 


the primary is included in the circuit of the secondary F. Mr. 


Weichsel’s suggestion is that in ease the brushes cooperating 
with the primary commuted winding are coaxial with F, the 
torque conditions are modified as shown in his Fig. 9c. This 
figure is qualitatively and quantitively incorrect, the quantita- 
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tive error is so great as to give a quite erroneous impression of the 
true nature of the machine. 

According to Fig. 88 and the second column on page 11, when the 
two secondary windings A and Fare short-circuited, the resultant 
torque, T = 7T,+T:2,is constant. Ifso,then T;, which is due to 
F, must be less when the brushes and the commuted windings are 
included in the circuit F, thus increasing its impedance. In 
Fig. 9c the sum of 7; and T. must therefore be a wave and nota 
straight line. This is the qualitative error. 

The very misleading quantitative error is found in the relative 
amplitudes assigned in Fig. 9c to the induction-motor torque 
(fT: + T2) and to the synchronizing torque T;. The ratio of 
these amplitudes scales 9.6 to 2.6. 

At synchronism, or at very small slips T;+ T2 = O, or prac- 
tically so and T3 as stated in the paper, is 230 per cent of the full- 
load torque. The ratio of the amplitudes is then as O to 230 and 
Fig. 9c is clearly not drawn for nearly synchronous speeds. 

At full-load asynchronous torque, the slip, according to Curve 
1 of Fig. 10, is about 3 per cent. Since the amplitude of T: fora 
given brush angle a depends on the amplitude of the brush 
voltage which is constant and on the impedance of F which is 
zero at synchronism and increases with increasing slip, it is clear 
that for a 3 per cent slip T; is very little less than its synchronous 
value and the ratio of induction-motor torque amplitude to syn- 
chronizing-torque amplitude is practically as 1 to 2.3. Fig. 9c 
is evidently far from being correct for an asynchronous torque 
equal to the full-load torque of the motor. 

But even quite near the maximum asynchronous torque, when 
the slip is 10 per cent according to Curve 1 of Fig. 10, the ratio 
in question is still as 2.9 to about 1.9. This is an extreme-case 
quite outside the limits specified as those on which Fig. 9c is 
based, yet this figure no more applies here than it does at loads 
up to and including full load. 

Making the amplitude of T; about 8% times greater than 
shown: or 2.3 times greater than that of (T: + T:) in Fig, 9c 
puts a very different complexion on the proposition and forcibly 
brings out the fact I have previously stated, i. e., that such a 
motor cannot run at a constant speed when operating as an in- 
duction motor. 

When the axis of the brushes cooperating with the commuted 
winding on the primary is displaced from the axis of F by a 
small angle such as a@ of Fig. 4, the synchronizing torque T: 
assumes the configuration indicated in Fig. 12, it becomes alter- 
nating with unequal maxima and still effectively prevents the 
machine from running at a constant speed when operating asyn- 
chronously. As the magnitude of the negative maxima increases, 
so does the asynchronous overload capacity decrease. 


The Curves 4, 5 and 6 of Fig. 10 have evidently been derived 
on the assumption that the Curves 1, 2 and 3 represent the in- 
duction-motor speed-torque curves of the machine for given 
impedances of the secondary circuits, that the addition of the 
brush voltage e. does not change said impedances-and that e-, 
is constant and cophasal with the voltage induced in the winding 
into which it isintroduced. If all this were true, which is not the 
case, then it would be permissible to say that the secondary cur- 
rent in-the phase into which e, is introduced and consequently the 
torque due to that phase is increased in the ratio of egsx to (€9sr+€c) 
but in his Fig. 10, Mr. Weichsel has not only represented this 
increased torque as if it were consiant but as if it were applied to 
both secondary phases. 

In Fig. 10, Mr. Weichsel has added the maximum value of the 
single-phase, pulsating torque, T;, produced by the winding, F, 
only to the constant induction motor torque (7: + T2) repre- 
sented by the Curves 1, 2, 3 and offers their sum as the resuliant 
torque of the motor! E / 

It is further to be noted that if the conditions were actually 
such as indicated by Mr. Weichsel’s Fig. 10, the machine could 
not run synchronously unless the torque required was 230 per 
cent of the normal, see point A of Fig. 10. For smaller torque de- 
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mands the motor would run at speeds greatly exceeding the 
synchronous. 

Errors of this kind are not so likely to oceur if the synchroni- 
zing torque is dealt with quite independently of the induction- 
motor torque. 

Pursuing this subject a little further, let us examine into the 
operation of the motor on the basis of the performance curves 
shown in Fig. 28. Further on, it is stated that the synchronizing 
torque 7'3 for these motors as designed is from 90 to 95 per cent of 
the synchronous pull-out torque. For the 75-h. p. of Fig. 28 the 
synchronous pull-out torque is 196 per cent and the synchronizing 
torque is therefore at least 0:9 « 196 or 176 per cent. We can sim- 
plify the argument without missing the moral by assuming that 
T3 remains constant down to the asynchronous breakdown point. 
We, of course, know that this torque actually diminishes with 
increasing slip. Upon the demand of a 197 per cent torque, 
which is slightly in excess of the maximum synchronous, the 
machine lapses into asynehronism and the synchronizing torque 
of 176 per cent reappears but is alternating with very unequal 
maxima. If a = 20 deg. and the positive maximum is 176 per 
cent, then the negative maximum is 5.6 per cent. The positive 
maximum is almost sufficient to handJe the load and a very small 
asynchronous slip corresponding to a 20 per cent asynchronous 
toraue will supply the difference. When 7; is at its negative 
maximum the slip must be sufficient to counteract this negative 
torque and to handle the load, which means that the slip must 
correspond to a 202.6 per cent asynchronous torque. The motor 
speed must and does vary accordingly as can be observed on any 
such motor. 


Again, Mr. Weichsel says that the inherent slip of the so-called 
Fynn-Weichsel motor should be made as small as possible. This 
means that the winding A of Fig. 4 must have about as much cop- 
per as the winding F. Since A is idle at synchronism and comes 
into play only in asynchronous operation, at starting and under 
loads in excess of the maximum synchronous load, a large amount 
of copper in A can only be justified if the asynchronous overload 
capacity is actually utilized. I have shown that this asynchro- 
nous overload capacity is only available for the roughest kind of 
work because the speed then fluctuates continuously and Mr. 
Weichsel’s Fig. 28 clearly indicates that the asynchronous over- 
load capacity is not really relied upon by the makers of this ma- 
chine. The synchronous overload is about 188 per cent for the 15 
and 196 per cent for the 75-h. p. motors to which said figure refers. 
This overload is ample for all ordinary purposes and the asyn- 
ehronous overload which rises to 300 per cent and 308 per cent 
respectively is pure waste, it cannot be and is not utilized. 


Mr. Weichsel’s third conclusion states that the injected 
eurrent must be about twiceas large as the full-load second- 
ary current of the motor. This means that the commutator 
must carry at least twice the normal full-load secondary 
current near the synchronous break-down point and if the asyn- 
chronous overload capacity is really utilized, as suggested in the 
paper, then the commutator must carry more than three times the 
normal full-load secondary current when the machine operates near 
its asynchronous break-down point. I do not think it can be 
fairly said that such a commutator has relatively small dimen- 
sions, yet such is Mr. Weichsel’s contention. 


Much is made in the paper of a really insignificant detail and 
a quite erroneous impression is conveyed: Fig. 21 purports to 
show that the axis of the unidirectional magnetization on the 
secondary does not coincide with the axis of the winding F 
because of the d-c. ampere-turns in the primary commuted wind- 
ing and it also purports to show that these primary d-c. 
ampere-turns are neutralized by the a-c. ampere-turns on the 
primary. 

In the paper, it is also stated that the armature, 7. e., the pri- 
mary, d-c. ampere-turns are about 5 per cent of the primary a-e. 
ampere-turns.* It is stated that a@ shall be zero, or very small. 
From Fig. 18, and in fact without it, we know that the sec- 
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ondary ampere-turns in synchronous operation must be 
greatly in excess of the primary ampere-turns. In Fig. 21 the 
vector A T' aac must then be much less than 5 per cent of the vector 
A T; and the angle between the two should be smaller rather 
than greater than that shown. How ean these insignificant 
primary d-c. ampere-turns influence the location of the “resultant 
direct-current field” to any appreciable extent? In Fig. 21 
the ‘“‘d-c. armature field” is shown as amounting to 54 per cent 
of A Ty, hence the delusion. 

As to the suggestion that these primary d-c. ampere-turns are 
neutralized by some of the primary a-c. ampere-turns,—of course 
they are, but he must either say that the ‘“‘d-c. armature field”’ is 
neutralized by some of the a-c. ampere-turns and continue to figure 
with A 7; only or he must figure with the ‘‘resultant direct- 
current field’”’ and forget about this neutralization. 

In dealing with commutation, Mr. Weichsel says that the re- 
actance voltage is similar to the reactance voltage in a stand- 
ard d-c. machine. It would be quite correct to say that it is 
identical, 7. e., identical in nature, but it is not even similar 
as to. magnitude. The sides of the coil undergoing commu- 
tation in the standard d-c.. machine lie in the open, 7. e., in 
the interpolar space; in this machine these coils are surrounded 
by laminations separated by an induction-motor air gap and, for 
otherwise equal conditions, the reactance voltage in this case is a 
multiple of that of a standard d-c. machine. The brush voltage 
and the current per conductor must be kept low. 

When a = O the coils undergoing commutation cut the full 
resultant magnetization, 7. e., the full field flux of this motor at 
no load, and cut no field flux at maximum synchronous load. 
For other values of a the no-load conditions improve, the 
maximum load conditions get worse. 

Mr. Weichsel’s arguments as to the advantages of a 
concentric over a diamond winding are beside the point for 
either can be used in an ordinary induction motor. As _ to his 
arguments in Appendix No. 2, it is true that by taking ?/; of 
the three-phase secondary and feeding into it a d-c. equal to 
t »/3/2 the flux and the loss will be the same as with an effective . 
three-phase current 7 in each of the three rotor phases, but 
this loss will be distributed over two instead of three phases and 
the heating will be considerably greater. 

Furthermore, the secondary ampere-turns in synchronous 
operation, with unity or leading power factor, are considerably 
greater than the secondary ampere-turns for corresponding 
asynchronous operation as is shown in Mr. Weichsel’s Fig. 24 
where the secondary ampere-turns for a certain load are 1—2 
or A for synchronous, and 1—3 or B for the non-synchronous 
operation. The ratio of A to B is as 30 to 19, and the d-c. in the 
two phases of Mr. Weichsel’s Fig. 35 must therefore be 7 < +/ 3/2 
x 30/19 or 1.58 times greater than indicated by him. 

If the amount of copper on the secondary of the synchronous 
induction motor is no greater than that used when the machine is 
designed as a straight induction motor and if two-thirds of that 
eopper is used for the unidirectional ampere-turns in synchronous 
operation, then for the load conditions of Fig. 24 the secondary 
copper losses will be 2.49 times as great as the corresponding slip 
losses in non-synchronous operation and the cooling surface for 
this loss will have been reduced to two-thirds of that available 
in the straight induction motor. 

The question may well be asked, why not also use the third 
phase of Fig. 35? One reason is that it is necessary to have a 
polyphase winding on the secondary not only for starting but also 
to prevent hunting in synchronous operation and to take care of 
loads in excess of the maximum synchronous load and give the 
motor a chance to work back into synchronism when a sudden 
overload causes it to lapse into asynchronism. Mr. Weichsel 
even thinks, (see his conclusion No. 2 on the eighth page,) that 
this polyphase winding should be such as to reduce the induction 
motor slip to very small values. The third phase of Fig. 35 
is really the winding A of Fig. 4. 

Another reason for not using all three secondary pleats to 


Feb. 1925 


carry the unidirectional ampere-turns is the fact that when so 
used they form a winding distributed over all the pole surface 
and with but one axis per pole pair. To get the same flux with 
three phases in circuit instead of only two would require a further 
increase of 33 per cent in the ampere-turns and a consequent 77 
per cent increase in copper losses. But utilizing the third phase 
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increases the amount of copper by 50 per cent so that by using all 
three secondary phases, 7. e., all of the available secondary copper, 
for carrying the secondary unidirectional ampere-turns the sec- 
ondary copper losses become equal to 2.49 * 1.77 X 7/3 = 2.94. 
This means that for the load conditions of Fig. 24 and on the 
assumption of an unchanged amount of copper on the secondary, 
all of said copper being used to carry the d-c. ampere-turns, the 
secondary copper losses in synchronous operation are practically 
three times as great as those in non-synehronous running while the 
cooling surface is the same. 
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The watts loss per unity of cooling surface is’ some 22 per cent 
less when all three instead of only two of the secondary phases are 
used for carrying the secondary unidirectional ampere-turns but 
the total secondary copper loss is 18 per cent greater and no cop- 
per is available for the additional secondary winding A of Mr. 
Weichsel’s Fig. 4. 

The fact is that a synchronous induction motor of the form 
under reference can be built in which the secondary copper 
losses are not materially greater than the corresponding losses in 
an equivalent induction motor but such a machine must have 
much more active material than the equivalent induction motor and 
must be correspondingly more costly. 

My opinion is that this so-called Fynn-Weichsel motor is 
much better suited for use as a synchronous condenser than 
as a motor. 

The ordinary synchronous condenser is difficult to start and is 
very sensitive to line voltage or to frequency disturbances. It is 
very liable to fall out of step and cause oscillations throughout 
the system. The machine under reference is very easy to start 
and if it does fall out of step it will automatically go back to 


synchronism without fuss or trouble so soon as the disturbance is 
over. 


The fact that the primary is on the revolving member and the 
primary currents are taken to it over slip rings is a serious ob- 
jection to the machine as a motor, but much less so as a syn- 
chronous condenser. Slip-rings which carry current all the time 
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are almost as touchy as a commutator. As a synchronous con- 
denser the machine can be located without reference to any other 
machinery and therefore in some dry, clean and sheltered spot 
favorable to slip-ring operation. 

The fact that the commutator carries load as well as exciting 
currents and the fact that any accident to the brush circuit 
must put the machine out of commission, since the winding A 
alone is insufficient to permit the machine to operate as an induc- 
tion motor, also militate against its general use as a motor for no 
one cares to run the risk of an interruption in production. These 
same facts lose much of their significance when the machine is 
used as a synchronous converter. The sheltered position to 
which it can then aspire makes commutator operation easier and a 
breakdown less likely. If one does occur, it does not entail an 
interruption in production but merely the temporary loss of the 
advantages conferred by a synchronous condenser. 


Another important point, relates to the power-factor-load- 
characteristic of such machines. The fact is that the possible 
inherent compounding or power-factor-load-characteristics of 
this machine do not permit of operation at unity power factor 
at all loads as clearly appears from my Figs. 7 and 8 here- 
with. Generally speaking, the power factor leads considerably 
at light loads, tends towards unity with increasing load, reaches 
unity near maximum synchronous torque and lags thereafter. 
This characteristic is suitable for a synchronous condenser but 
not for a general-purpose motor. It cannot be sufficiently em- 
phasized that in so far as losses are concerned, whether in the 
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motor, in the transformers, in the line or in the generators, a 
leading current is just as objectionable as a lagging one. The 
one exception is in connection with the exciting current of the 
generators. 

For the benefit of those who desire to study the compounding 
characteristic possibilities of these machines more closely, I 
append the circle diagram Fig. 10. The terminal voltage is E; 
and the resultant motor magnetization is R, corresponding: to 
A Tm of Mr. Weichsel’s Fig. 18. The brush angle is a, the 
location of the winding F is indicated by the coil on vector O—15. 
The locus for the unidirectional secondary magnetization F is the 
circle 17, the primary current is I, the phase angle is ~, while c 
and 6 are the angular displacements between R and F and be- 
tween R and the brush axis respectively. The vectors EF; and 
FR are supposed to be stationary in space and the brushes and the 
winding F are moved counterclockwise through 180 deg. while 
retaining their proper angular relation a. This covers all pos- 
sible load conditions for either polarity. The curves in Fig. 9 
were calculated from the diagram of Fig. 10. The angle a is 
22.5 deg. in both figures. 

In my opinion, the motor described by Mr. Weichsel ts not a 
general-purpose motor. 

H. Weichsel (by letter): After carefully reading Mr. Fynn’s 
later discussion of my paper, I conclude that while he and I 
approach the theoretical analysis of this type of motor somewhat 
differently, the reader will not be interested in a prolonged 
discussion of such differences from our respective points of 
view, particularly when actual commercial results secured with 
the Fynn-Weichsel motor bear out the analysis presented in my 
paper. I will confine my closing remarks in the discussion to a 
reference to some of the points in Mr. Fynn’s discussion where 
his conclusions are erroneous and where the actual service per- 
formance of the motors conclusively supports my point of view. 
I shall make no reference to those paragraphs which I deem of 
minor importance. 

While participating in the early theoretical development of 
the Fynn-Weichsel motor, Mr. Fynn has not had the advantage 
of contact with the commercial development and has probably 
not had access to actual performance test data of the character 
to which I refer below. 

Before replying to some of the different criticisms which Mr. 
Fynn has made in his communication, I desire to state that those 
parts of my paper which deal with the working principle of this 
machine have, as their main object, the presentation of funda- 
mental laws which govern the working of this new type of 
machine. It was my purpose to free these explanations, as 
much as possible, from any secondary considerations that would 
tend to obscure the main fundamental laws. 

I regret, therefore, that Mr. Fynn has found it advisable to 
criticise several of my statements and conclusions on the ground 
that they lack accuracy, and also that he has entered into a 
discussion of various details. 

In. presenting the theory of the starting and synchronizing 
performance, my reason for the line of discussion pursued in 
my paper grew out of my desire to give the reader the train of 
thought which had led me to the discovery that a motor of this 
type must develop a very powerful torque when the d-c. brushes 
coincide with the axis of the d-e. field winding, and develop a 
diminishing synchronizing torque as the brushes are moved out 
of this position. 

The first public statement giving the reasons for the remarkable 
synchronizing torque of this new type of motor was made by 
me, February 16, 1924, before the Association of Iron and Steel 
Electrical Engineers in Pittsburgh. 

In the early part of his written communication, Mr. Fynn 
repeats, in different wording, the statement made in my paper 
in connection with Figs. 6 and 12 and also the conclusions re- 
ferred to by me in regard thereto; as well as further statements 
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made in connection with Figs. 9, 11, 12, and 18 of my paper; 
also, my Fig. 10 and corresponding text. 

By some of these statements, Mr. Fynn conveys the impression 
that I set forth variations in resistance as the ‘determining 
factor’’ with respect to synchronizing torque. It will, however, 
be found that I also fully discuss the bearing of the phase of the 
brush voltage upon this matter. 

Considerable emphasis is laid by Mr. Fynn upon the fluctua- 
tions of torque after the motor has been overloaded to a point 
pulling it out of synchronism and resulting in its operation as an 
induction motor. As stated in my paper, it is true that there 
are very rapid pulsations in torque under these conditions, but it 
must be remembered that there are not corresponding variations 
of speed of the motor. 

The corresponding speed variations of the motor are con- 
siderably less than the torque variations, because of the inertia 
of the rotor and of thedrivenload. Theserelationsare similar to 
those which hold the speed fluctuations of a reciprocating engine 
low. Fig. 11 herewith illustrates an oscillogram taken by the 
University of Washington, showing the line-current fluctuations 
under such conditions. These fluctuations are of somewhat 
of the same order .of magnitude as the torque fluctuations. 
In practise, neither the current nor speed variations are found 
detrimental to the electric service, nor to the durability of the 
motor when such temporary overload conditions are not ex- 
cessively prolonged. A very interesting demonstration of this 
fact is a commercial installation of the Fynn-Weichsel motor 
driving a high-speed grinding wheel. On every service use of the 
grinding wheel the Fynn-Weichsel motor is pulled out of syn- 
chronism, immediately returning to synchronism on the with- 
drawal of the excessive load from: the face of the emery wheel: 
This installation has been in operation for over a year and while 
not a recommended type of service for the Fynn-Weichsel motor, 
it has proved a very interesting application, having been made 
solely for the purpose of testing the physical result of such 
service upon this type of motor, and having demonstrated two | 
important factors— 

First, that the service does not disturb adjacent motors 
operating from the same circuit; 

Second, that there has been no deterioration of the Fynn- 
Weichsel motor under these conditions of service. 

A further fact might be noted—that the operator of the 
grinding wheel is unconscious of the motor changing from the 
synchronous to the induction operating characteristic. Actual 
tests made with a tachometer on a 100-h. p.,; 600-rev. per min. 
motor, as well as on several smaller sizes, showed no measurable 
speed fluctuations when the machine operated as an induction 
motor; z. e., beyond its horse power capacity § as a Synchronous 
machine. 

Mr. Fynn attacks my Fig. 9c on the ground that this figure 
represents conditions when the motor operates very nearly at 
synchronism, and he states that, under such conditions, the 
ratio of torque 7'—3 to T—1 plus T—2 is materially larger than 
shown in my Fig. 9c. 

The error in Mr. Fynn’s statement will be found in his sentence 
“with a small slip at full load or at less than full load and under 
no other conditions are the secondary voltages and currents nearly 
in phase.” 

In that part of my paper which precedes my discussion of Fig. 
5, it is clearly stated that the secondary voltage and currents 
in a machine containing leakage are nearly in phase when the 
currents do not materially exceed the full-load value. 

Such a condition exists not only when the machine operates 
with small slip and no external resistance in the secondary but 
also when the machine operates with large slip and large resist- 
ance in the secondary, such as, for instance, occurs during the 
starting period of the machine. This is in exact agreement with 
the phenomena which occur in this respect in ponpcaiteds with 
standard slip-ring induction motors. 
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My Fig. 9c pictures correctly the conditions represented 
in iny Fig. 10 by Curves 2 and 5 for a speed of about 80 per cent 
of synchronous speed and a load approximately equal to full 
load torque. Mr. Fynn’s arguments and conclusions in this 
connection are, therefore, wrong, due to the faulty assumption 
upon which they have been based. 

He states that serious mistakes exist in my Fig. 10 and asserts 
that I had represented the increased torque due to the injected 
voltage e, not only as if it were constant but as if it were applied 
to both secondary phases. Further, he states that I added the 
maximum value of the single-phase, pulsating torque, 7'—8, 
produced by winding F, to the constant induction motor torque, 
T—1, plus T—2, and offered their sum as the resultant torque 
of the motor. This is a misunderstanding of the statements 
made in my paper. In connection with Fig. 9, I fully explained 
that the torque due to the injected voltage, e,, is pulsating. In 
the first part of my paper there is a statement as follows: 
“Therefore, if the load connected to the primary has a fairly 
large amount of inertia the average torque available on the motor 
lies about half way between the induction motor speed torque 
eurve and the speed torque curve which is shown in Fig. 10.” 
This statement definitely contradicts Mr. Fynn‘s assertion that 
I had assumed the torque due to the injected voltage as constant. 

Referring to his second claim, that I presented the increased 
torque due to injected e. m. f. as if it were applied to both sec- 
ondary phases, I state: ‘‘The conditions in the winding A cannot 
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V; is the timing wave. V» is the line voltage. V3 Line current. 


in any manner be altered by injecting a current in winding F, 
and, therefore, the torque produced by winding A remains 
unaltered, ete.’’ 

The mistake made by Mr. Fynn lies in his assumption that the 
horizontal difference between Curves 1 and 6, or 2 and 5, or 3 and 
4, represents an average torque. However, no such statement 
has been made by me, but one to the contrary in that part of the 
paper just cited, where I pointed out that this torque difference 
fluetuates. The length of the horizontal line between Curves 5 
and 6 represents the time maximum of the torque due to the 
injected voltage. That this relation must exist not only follows 
from the text of my paper but also directly from Fig. 10, where the 


length of the line, 100—A, represents the maximum torque of. 


the motor when operating at synchronism; and the maximum 
torque of a motor at synchronism must, by the nature of things, 
be also the maximum torque immediately before synchronism is 
reached. 

The wrong assumptions made by Mr. Fynn also led him to the 
misstatement in regard to the resultant torque of the motor. 

The most erroneous statement is where he says that if condi- 
tions are actually as indicated in my Fig. 10 ‘‘the machine could 
not run synchronously unless the torque required was 230 per 
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cent of normal. For smaller torque demands the motor would 
run at speeds greatly exceeding this synchronous speed.’’ This 
statement is in contradiction to my Fig. 10, where the speed- 
torque curve of the motor, with no external resistance in the 
secondary, is given by the curve, 100—A—6. The part 
100—A of this curve corresponds to loads from zero to 230 per 
cent and during this part, the speed torque curve is a horizontal 
line passing through the 100 point, which means that the speed is 
independent of the load. 

Statement is made that an asynchronous overload of 300 
per cent is pure waste. This is completely overlooking the 
fact that an important factor in this type of machine is its 
synchronizing ability. A machine whose maximum torque 
as a synchronous motor is 200 per cent can synchronize 
a load of 200 per cent, provided the load is a pure friction 
load. If, however, the inertia is very excessive, the same 
machine can synchronize only about 100 per cent full load, as 
explained in my paper. However, this latter extreme condition 
is never accounted for in practise. Therefore, in order to provide 
an ample margin for safely synchronizing full-load torque, or 
more, under almost any kind of load which may be met in 
practise, it is essential to give these motors a maximum syn- 
chronous horse-power capacity in the neighborhood of 200 per 
cent. The overload capacity of the machine as an asynchronous 
motor is incidental and is achieved without extra expense. 

Later in his written discussion, Mr. Fynn appears to create the 
impression that the commutator must be dimensioned for three 
times normal load secondary current. Anyone familiar with the 
design of motors knows that it is useless to dimension electrical 
parts of a machine in accordance with the momentary overload 
which the machine ean carry. A glance at Fig. 3 of my paper 
justifies my statement there that thé commutator is relatively 
small. 


Again my Fig. 21 iseriticized because it is not drawn to seale. 


“It is a generally accepted expedient to do this in such eases in 


which some of the vectors would otherwise nearly coincide. The 
main object, as indicated by the italicized letters in the text 
belonging to this figure, is to show that, at any load, the d-e. 
armature ampere-turns are counterbalanced by equivalent a-c. 
ampere-turns. Mr. Fynn now thinks that this is selfevident. 
My diagram Fig, 21 proves that the Fynn-Weichsel motor does 
not operate as a synchronous converter, because only a small part 
of the a-c. ampere-turns is used to counterbalance the d-c. 
ampere-turns, while in a converter, the a-c. and d-c. ampere-turns 


_-are essentially of the same magnitude and opposed. 


Further on, he eriticizes my statement that this new motor 
operates from commutating point of view similar to a neutralized 
d-e. machine in which the neutralizing winding is weaker than the 
d-c. armature reaction. In my judgment, this statement pictures 
the analogy quite correctly in view of the fact that the d-e. 
armature field is, at any time, completely neutralized as shown in 
my Fig. 21, but the component of the resultant field, which is in 
line with the brush axis, is not wiped out. If the brushes are 
shifted in the direction of rotation, which is the only practical 
way of shifting them, the commutation conditions for the 
maximum load point frequently first improve, and, by a still fur- 
ther shift, become more difficult. By suitably selecting the 
magnitude of different constants of the machine, such as brush- 
angle, leakage-reactanee, etc., it is possible to obtain the point of 
theoretically correct commutation for almost any load point 

lesired. 

Still further on Mr. Fynn arrives at certain conclusions re- 
garding the heating and losses of these machines. His reasoning 
that, for equal losses, a winding covering only two-thirds of the 
circumference must be very much hotter than a winding having 
the same losses but with them distributed over the whole cireum- 
erence, is a quite common argument, but actual experience has 
proved this to be wrong. If his views were correct, it would be 
necessary to use larger sizes of copper for certain coils in the arma- 
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ture of a standard synchronous converter, and this practical ex- 
perience has proven to be unjustifiable. 

In the ‘‘induetion type of synchronous motors,” such as is built 
in Europe, one part of the winding has four times the loss of the 
remaining winding, when equal copper section is used for all coils. 
Experience has shown that equal copper section for all coils can 
be used without resulting in unallowable inequality of heating. 
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The Metropolitan-Vickers Company, in their circular No. 1041, 
December, 1921, describing this type of motor, state on page 7: 
“For manufacturing reasons the cross-section of the conductors is 
kept the same in all three phases, so that the heating is slightly 
unequal in the different parts of the winding. But due to the 
relatively large heat capacity of the iron, the temperature rise is 
practically uniform around the rotor.” 

With reference to Mr. Fynn’s theoretical objection to the 
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15-h. p., Four-pole, Three-phase, 60-cycles, 220-volts. 
normal voltage as an Induction Motor. 
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Fynn-Weichsel motor, that the primary currents are supplied 
through slip-rings, I shall merely say that extended and satis- 
factory experience with a large number of installations using 
these machines as general-purpose motors should be considered 
sufficient answer. 

Mr. Fynn also suggests that any trouble with the commutator 
or brush mechanism will ‘‘put the machine out of commission.” 
He quite overlooks, or neglects to state, that if the exciting 
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current were suddenly broken, the Fynn-Weichsel motor would 
continue to operate as a polyphase induction motor with a 
single-phase secondary and load characteristics as shown in 
Fig. 12 herewith. j 

Normal load capacity of the motor under such circumstances 
ean be fully restored by short-circuiting the excitation field 
winding, in which event, the motor will operate as a normal slip- 
ring, induction-type motor, asillustrated inFig.13. Figs.12and 
13 are characteristic curves of all sizes of Fynn-Weichsel motors 
when operated under the conditions indicated. 


Mr. Fynn expresses the view that the Fynn-Weichsel motor 
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This is a 15-h. p., four-pole, 60-cycle, three-phase motor. In Fig. 14 
it is shown adjusted for approximately unity power factor. 


In Fig. 15, 
it is adjusted for leading power factor. . 


is not a general-purpose motor. It is being marketed as such 
and as such, is meeting with a most favorable reception. It can 
be installed whenever a good general-purpose d-c. motor can be 
installed, and the manufacturers are finding a surprising number : 
of installations where the synchronous-speed characteristic 
is proving more advantageous for production purposes than the 
primary service of power factor correction. A large number of 
commercial installations in sizes of motors ranging from 5 h. p. 
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to 150 h. p., all made as general-purpose motor installations, 
suggests conclusively that the Fynn-Weichsel motor is, in fact, 
a general-purpose motor. 

Mr. Fynn infers that the Fynn-Weichsel motor cannot operate 
at unity power factor. Fig. 14 illustrates a commercial test 
made by the Commonwealth Edison Company at Chicago, and 
it will be observed that the power factor is practically unity 
throughout the normal load range of the motor, this being a 
motor not designed for exact unity power factor operation but 
rather for operation as illustrated in Fig. 15. 


Fig. 15 represents the same motor, also tested by the Common- 
‘wealth Edison Company, with no other modification than a slight 
change in the position of the exciting brushes, for the purpose 
of giving a strong leading power factor and thus compensating 
for the lagging power factor of an ordinary induction motor 
of the same size operating in the same plant, giving unity power 
factor on the two motors in combination. 


Numerous corresponding tests have been made by a large 
number of the leading electric light companies of the country, 
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and what the motor will do with respect to unity or leading power 
factor is not a matter of theory but of demonstrated fact, and while 
the above curves are test results on the 15-h. p. motor, similar 
characteristic performance results are given by motors of all sizes. 


Mr. Fynn’s employment of a diagram to establish statement 
that the Fynn-Weichsel motor cannot be designed to operate at 
approximately unity power factor over a large load range is 
erroneously employed, assuming design constants which would 
not be used were the Fynn-Weichsel motor to be designed for 
unity power-factor service. 

Mr. Fynn’s argument suggests that it would be advantageous 
and preferable to have these motors operate at unity power 
factor; in his argument he has overlooked the actual conditions 
which exist in present installations and probably will for many 
years to come. Due to the use of a relatively large percentage 
of induction motors in all installations, it is desirable to have the 
remaining machines in the installation operate with leading 
power factor in order to provide the necessary magnetization 
for the induction motors of this installation. 


The Single-Phase 


Induction Motor 


BY L. M. PERKINS! 


Member, 


Synopsis.—The operation of the single-phase induction motor 
is presented according to the cross-field theory as distinguished from 
the theory of oppositely rotating fields. The mathematics used 
require only a knowledge of algebra and trigonometry and no factors, 
such as cross-field tron loss and cross-field magnetizing current, are 
neglected. 

In addition to the derivation of the vector diagram, its transforma- 


HE single phase induction motor consists of a 
A fs primary winding connected to a source of alter- 
nating potential and placed in inductive relation 
to a short-circuited secondary winding which can move 
relative to the primary winding. A complete iron 
path, except for the air-gap necessary to allow relative 
motion between the two windings, is provided for the 
flux which interlinks the two windings. This inter- 
linking flux is produced by the primary winding because 
of its connection to a source of alternating potential, 
and it is the effect of this flux on the short-circuited 
secondary winding in which we are interested. 
The motor is shown schematically in Fig. 1. Al- 
though the secondary is considered as being wound 


with a number of individually short-circuited coils, 
in practise this construction is not used as it is mechan- 
ically so much easier to short circuit all the coils to each 
other by means of common-end rings. _ If the resistance 
of the end rings is negligible with reference to that of 
the bars, the two systems give identical results. Al- 
though high resistance end rings tend to distort the 
distribution of the secondary current from that of a true 
sine wave, this effect is negligible in practise so it will 
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tion into an accurate circle diagram, which requires no assumption 
except sine wave voltage and primary field distribution, is shown. 
The result is acircle diagram practically identical with that derived by 
Branson (A. I. H. HE. PROCEEDINGS, June, 1912) from comparison 
of the two-phase and single-phase induction motors, except that the 
derivation should be more easily followed and the result is a simpler 
diagram to construct and use. 


not be considered in this analysis. We will assume 
that the primary winding is so distributed as to produce 
a sine wave field form, and that the impressed voltage 
has a sine wave form. 


In addition to the interlinking flux mentioned above, 
there are leakage fluxes around the different windings 
which do not link with all the windings. As shown in 
Fig. 1, there is a flux gir, threading through the primary 
winding in addition to the mutual flux ¢,, which 
threads through both primary and secondary windings. 
Also there is a leakage flux ¢:s threading through the 
secondary but not the primary. Furthermore, there 
is another flux gc, as will be shown later, which does 
not thread the primary winding but only the secondary 
along anaxisatright angles tothe axis of the primary flux. 
The total flux threading through the primary is ¢.e + 
¢m Which we will call ¢:, while the total flux threading 
through the secondary along the axis of the primary is 
gis + dm Which we will call @2, and the total flux 
threading through the secondary at right angles to the 
primary axis is ¢c. In addition to being threaded by 
fluxes each coil cuts fluxes. 


A voltage is generated in a coil by a change in the 
total flux threading the coil, whether this change is 
caused by a change in the total amount of flux; or 
whether, with a constant flux, the coil turns so as to be 
threaded by more or less of the total flux. The voltage 
induced in a coil by a change in the total flux is generally 
known as a transformer voltage and is proportional to 
the frequency of variation of the flux and to the total 
flux. The voltage induced in the coil as it turns so as to 
include more or less of the total flux is known as the 
cutting voltage and is proportional to the speed of 
cutting and to the density of the flux at the point where 
the coil cuts it. If the flux is varying as the coil turns 
the net voltage generated is the sum of the voltage 
generated by transformer action and cutting action. 


We will assume an alternating flux #2 threading the 
secondary along the primary axis and will investigate 
the voltages generated in the various coils by their 
cutting this flux, and the voltages generated in the same 
coils due to the alternation of this flux through the 
coils. Also we will find what other voltages, currents, 
or fluxes are produced by these voltages. 
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A coil at a, Fig. 2, will not cut any of the flux ¢z, 
while a coil at d will cut the flux . at the point of 
maximum density. The voltage generated in the 
coil a will then be zero while that generated in coil d 
will be a maximum. Since the flux ¢. is assumed to 
have sine wave distribution, the voltage generated 
in any coil will be proportional to the sine of the angle be- 
tween that coil andthecoila. Thisvoltage causesa cur- 
rent to flowin each coil and these currents produce a flux 
gc along the axis at right angles to the original flux 


Rre: 2 


do. We will assume that this flux has a sine wave 
distribution, although this assumption will have to 
be justified later. Since the flux ¢,» is alternating the 
voltages generated in the coils by cutting this flux will 
also be alternating voltages, having maximum values 
at the time ¢2 is maximum and minimum values when 
g21isminimum. ‘The flux ¢c will also alternate because 
the currents producing this flux alternate with the volt- 
ages producing them. The alternating flux @c induces a 
transformer voltage in the coils threaded by this flux. 
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Since the coil d includes all of this flux the voltage 
induced in it will be a maximum while the voltage 
induced in the coil a will be zero as it is not threaded 
by any of this flux. As we have assumed sine wave dis- 
tribution of the flux ¢c the transformer voltage induced 
in any given coil will be proportional to the sine of the 
angle of the coil from the coil at a. Then in coil d 
there is a voltage H;, Fig. 4 induced by the coil cutting 
the flux ¢2 and this voltage is in phase with this flux, 
as shown above. In addition to this voltage, another 
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voltage EH’, is generated in this coil by transformer action 
of the flux ¢@c. This voltage lags 90 deg. behind the 
flux dc because the transformer voltage always reaches 
its maximum 90 deg. later than the maximum of the 
flux which generates the voltage. Since the flux ¢c is 
the total flux, produced by the currents I;, threading 
through the secondary along the axis at right angles to 
the primary axis, the only additional impedance to the 
current I; in the coil d is the resistance of the coil d. 
Then the J r drop of the coil d will be overcome by the 
voltage which is the difference between the voltages 
H; and E's, or I; 72 in Fig. 4. Due to iron loss, the flux 
gc is not exactly in phase with the current J; but lags 
slightly behind by the angle \. For this reason, the 
voltage I; r2 is not exactly at right angles to the voltage 
E. We will assume in this analysis that the iron loss 


is proportional to the square of the flux density in the 
iron, which is very close to the truth. With this as- 
sumption, the angle between the current J; and. the 
flux @c is constant. Since there is no other winding 
threaded by the flux ¢c, than the secondary winding, 
the angle between EH; and E, will remain constant as 
will the angle between gc and @2. Since #3; depends 
on the speed, being a cutting voltage, the value of the 
different vectors will vary through a wide range but 
this will not vary their relative values nor the angles 
between them. 

There are similar voltages to the voltages H; and E’, 


Fig. 5 


generated in each of the coils a, b, c, e and f, although 
these voltages are not of the same value as the voltages 
generated in the coil d as was shown above. However, 
the voltage H’;’ generated in any coil by that coil cutting 
the flux ¢»2 will have the same phase as the voltage HE’; 
generated in the coil d by cutting the same flux. In 
the same way the transformer voltage H's’ generated 
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in any coil by the flux ¢c will have the same phase as 
the voltage EH’; in coil d but will be smaller. As shown 
above, these voltages are both proportional, in the differ- 
ent coils, to the sine of the angle between the given coil 
and the coil at a. It follows then that the difference 
between these voltages willalso be proportional to the sine 
of theangle between the coilin question and the coil at a. 
But since the current J; in any coilis proportional to the 
difference between the voltages H; and E, it follows 
that the current J; in any given coil will be proportional 
to the sine of the angle between that coil and the coil 
at a. In other words the currents J; are in phase in 
the different coils and the current is distributed ac- 
cording to the sine law as shown in Fig. 5. It follows 
that the flux ¢c produced by these currents will have a 
sine wave field form. But this was the assumption 
made in the beginning so that all conditions for the 
production of the flux ¢c with sine wave field form have 
been met, and that will be its field distribution. 

In addition to these voltages H; and H, there are two 
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other voltages generated in each coil, first a transformer 
voltage due to the flux ¢, threading the coil and second 
a cutting voltage due to the coil cutting the flux dc. 
This transformer voltage is maximum in the coil a 
which is threaded by all of the flux ¢; and minimum in 
the coil d which is threaded by none of the flux gd», and 
is proportional in the different coils to the cosine of the 
angle between the givencoil and the coilat a. Also the 
voltages induced by the coils cutting the flux ¢c is 
maximum in the coil a and zero in the coil d, being 
proportional to the cosine of the angle between the given 
- coil and the coil at a, since the flux ¢c has sine distri- 
bution. The vector diagram for coil a is shown in Fig. 
6 where H, is the transformer voltage due to the flux 
o, and EH, is the voltage due to the coil a cutting the 
flux ¢c. E>, lags 90 deg. behind $2 while EF, is 180 deg. 
from ¢c. Since all leakage fluxes are considered in ¢2: 
the voltage difference between EH, and EF, will overcome 
the J 7 drop of the coil a and force a current J, through 
the coil in phase with this voltage difference I, rz. Since 
both #, and FE, are proportional tothe cosine of the angle 
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between any given coil and the coil at a, the current 
I, in that coil will be proportional to the cosine of the 
angle between that coil and the coil at a. It follows 
that the current I, will be distributed in the various 
coils according tu:the sine law as shown in Fig. 7. 

In any other coil than a or d all four voltages #;, 
EF, E.and HE, will be generated and the net current in 
that coil will be proportional to the net difference be- 
tween all these voltages. However, this net current will 
be:equal to thesum of the two currents I; and I, assumed 


Pus 


Fig. 7 


to flow in the given coil in the above analysis. It makes 
no difference whether the net current or the two com- 
ponents are considered. Fig. 8 shows the vector 
diagram for the coil b 30 deg. from coil a. As shown, 
the total current Is is the sum of J;! and J.!, the voltages 
EF; and E;' being one half (or sine 30 deg.) of their 
values in coil d while the voltages H,! and E's! have .866 
(or cos 30 deg.) of their values in coil a. 
As shown in Fig. 5, the current J; is so distributed 


Ey 
Ye, 
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in the secondary as to produce no ampere-turns along 
the primary axis, and will not affect the primary winding 
directly. However, the currents J, are so distributed 
as to act directly on the same flux path as the primary 
winding so that this current will be transferred to the 
primary by transformer action. 

The flux ¢c is the total flux produced by the currents 
I; but the currents J, produce a leakage flux dis in 
phase with J, along the primary axis and as we saw 
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above the flux ¢2 is the sum of ¢,, and dis. Therefore, 
the flux ¢,, is the difference between the flux #2 and 
ors, as Shown in Fig. 6. 

In order to force the flux @¢,, (Fig. 9) across the air 
gap a resultant magnetizing current must flow in the 
primary winding producing ampere turns slightly 
leading the flux ¢,, by the angle \,. (This angle is 
caused by the iron loss as we saw above.) But before 
these ampere-turns can act on the flux path the ampere- 
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turns produced by the currents J, acting on this same 
path must be neutralized by equal and oppositeampere- 
turns produced by the primary winding. Then the 
total primary current will be equal to the sum of a cur- 
rent J, (Fig. 9) equal and opposite to the secondary 
current (assuming one to one ratio) and a magnetizing 
current J,, leading the flux ¢,, by the angle \;. The 
total current will be J in Fig. 9. 

. Due to this current J a leakage flux g.», in phase with 
TI is produced threading the primary winding as shown 


Fig. 10 


in Fig. 1, and the total flux threading the primary is ¢;1 
the sum of @¢,, and ¢.ir as shown in Fig. 9. Due to 
this flux @; a transformer voltage E’; is induced in the 
primary winding and the voltage difference J r; between 
the line voltage and this transformer voltage, forces 
the current J through the resistance of the primary 
winding. 

The complete vector diagram for the conditions 
assumed is shown in Fig. 10. Although Fig. 10 shows 
the complete diagram, it is in such form as to make it 
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very hard to follow such changes as are produced by a 
change in speed. A simplified diagram which shows 
all the component vectors is shown in Fig. 11. As will 
be noted, the two component primary currents J, and 
I,, are considered instead of the total current J, and 
since I, is equal to J,, the net result is as though the 
current J, flows through both primary and secondary 
windings while an additional magnetizing current, I, 
flows through the primary winding only. There is an 
additional magnetizing current J; in the secondary but 
as was shown, it does not directly affect the primary. 
The voltages I, 21, I, x, and I, x. are reactance voltages 
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generated in the windings by the leakage fluxes pro- 
duced by the currents J,, in the primary and J, in both 
primary and secondary. The voltage I x, which is 
the sum of J,, 7, and J, x, is the transformer voltage 
produced in the primary winding by the total primary 
leakage flux dr». J x, is at right angles to dr» (Fig. 9). 
In the same way I, x; and J, 2» are at right angles to 
and proportional to I, I, 17, has the same phase as 
I,, while I, 7; and I, 72 have the same phase as I». 

For the time being we will consider that the primary. 
resistance is zero and that there is no primary iron loss, 
so that J,, is in phase with @,, and ), is zero. Later 
we will show the effect of these two losses on the dia- 
gram. With this assumption, the vectors E and Ir; 
(=I, 71 + I211) drop out and the diagram which we are 
considering is shown in Fig. 12. 

Since J,, is in phase with @,, J, x; will be parallel 
to E',, because both I,, x, and E,,, being transformer 
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voltages, are at right angles to the current producing 
the transformer flux. Also we know that IJ,, 7, will 
have a constant ratio to E,, because I,, x; is the voltage 
generated by a leakage flux produced by the current I,, 
while H,, is the voltage generated in the same winding 
by the useful flux ¢,, produced by this same current J,,. 
The ratio between /,, 2, and E.,, is the ratio between 
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the permeance of the leakage flux path and the per- 


m 


meance of the useful flux path. If we let T 
E», « @m em e . 
=°Z,,, t= 7 Will equal where is the ratio be- 
yee vy X1 v1 


between the permeance of the useful flux path and the 
permeance of the leakage flux path. 

Since E,, and I,, x; have a constant ratio, regardless 
of other changes in the diagram, it follows that the 
linesomand main Fig. 12 are proportional and havea con- 
stant ratio (similar sides of similar trianglesopmand mn 
a) and that the point misa fixed point on the lineo aregard- 
less of other changes in the diagram. Furthermore, be- 
cause pm and m n are the other sides of these same 
triangles, they will also be similar and, therefore, 
proportional 


@ m 


to 
Ly 
mt Xs Mh + pM _ emt Xr 
pm =i em pm he &m 
m at em SZ Nn 
Dt Yen im Obi - 
em 
pb+pm=In+ In (>) 
Therefore, 
7 em ¥ 
m b (which = pm + 6 p) =1(m +2: ze ) 


Since #., x; and z, are constants, it follows that the line 
m bis proportional to I>. 

The line pa is proportional to J x; and therefore 
to I, but we do not wish to have to find the point p in 
the final diagram so we will find another line from 6 
which will be proportional to J. From 6} draw the line 
bd parallel to pa until it intersects oa at d. Then 
: = ED Salstit as is a constant, so it follows that 
pa p mp 
bd. “ ; 
nites is a constant and 6 d is therefore, proportional to J, 


since pa is proportional to J. 

Since the sides m 6 and m p of the similar triangles 
amp and dm b have a constant ratio and since a m is 
constant as proved above, it follows that md will also 
be constant and, therefore, that the point d is a fixed 
point on the line oa, regardless of any changes in the 
diagram due to changes in the load or speed of the 
motor. 

To prove 
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Redrawing Fig. 12, and leaving out unnecessary lines, 
em 


eS and od 


we have Fig. 18, where X, = % + 2% 
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It was proved in connection with Fig. 4 that the angle 
between the fluxes @2 and ¢c is constant regardless of 
other changes in the vector diagram. Since E; is 90 
deg. from ¢. and EH, is in line with ¢c it follows that 
the angle between FE, and E, is constant. It has also 
been proved that the lines m 6 and be are both pro- 
portional to the secondary current J, so the triangle 
m bc will always have the same shape and proportion 
of parts regardless of its size. We know further that 


the ratio eo is constant, from Fig. 4. It is also true 
3 


speed 


that the ratio ee eee” 
syn. speed 


OF 
voltage generated in the coil a by putting the flux ¢c 
while HE, is the voltage generated in the identical coil 
d by transformer action of the same flux dc and the 
cutting voltage becomes equal to the transformer 
voltage at synchronous speed. In the same way 


E; speed ) 
E, syn. speed 


because E, is the 
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times a constant. Knowing these 
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relations, the effect of changes of load on the diagram 
can be followed more easily. 

If the load is decreased, the triangle m b c becomes 
smaller while if the load is increased, the triangle be- 
comes larger. But, regardless of its size the vertices 
b and c must remain on the opposite sides of the constant 
angle boc having its vertex at o. In order to fulfill 
these conditions the angle boc must swing down as 
the triangle m b c increases in size. Fig. 14 shows how 
the diagram changes with reference to that shown in 
Fig. 18 when the load is increased over that in the case 
of Fig. 18. Since the line oc is much shorter, in pro- 
portion to the line o b, in Fig. 14, than it is in Fig. 18, 
it follows that the speed for the condition of Fig. 14 


Fig. 14 


will be lower than that for Fig. 18. If the line oc is 
made equal to zero or in other words, the speed is zero, 
the diagram changes to that shown in Fig. 15. If, on 
the other hand, the load is decreased so that oc be- 
comes longer and the triangle b oc swings up, at syn- 
chronous speed the diagram takes the form as shown 
in Fig. 16. In this case 0 ¢ represents both EF, and E’, 
while the line 0 b represents both EF; and H;. Then 
triangle boc will be similar to the triangle shown in 
dotted lines in Fig. 4 and composed of the sides E3, 
EH,', and I3r2. It is evident that, since the line bc 
coincides with the line J3;r, and be = I,1r2, at this 
speed J, will equal J;. 


bo 
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In Appendix A, will be found the proof of two prop- 
ositions; first that if two circles are drawn on similar 
parts of the hypotenuse and one leg of a right triangle, 
any right triangle having one vertex at the vertex of the 
original triangle and the other two vertices on the 
respective circles will be similar to the original tri- 
angle; and second, that the two vertices on the circles 
will lie on the two sides of a constant angle having its 
vertex at the intersection of the two circles. But these 
are the conditions to be fulfilled in the diagram above 
as the load changes, namely that the triangle mbc 
must always be the same shape with its vertex at the 
point m and the two vertices 6 and c must lie on the 
two sides of the constant angle boc, between the 
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voltages #, and: Hj.” Therefore, the point 6 will follow 
a circle as the load changes while the point ¢ will follow 
another circle as the load changes. It is then necessary 
to determine the location of these circles with respect 
to the line o d. 

A circle is determined by three points on its cireum- 
ference. We know three points on the circle locating 
the point 6 as follows. 


bs 
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First, both circles must pass through the point 0, as 
the vertex of the constant angle must lie on their 
intersection. 

Second, Fig. 15 gives the location, bo, Fig. 17, of the 
point 6 for zero speed conditions. 

Third, the diagram of Fig. 16 gives the location, 


b; Fig. 17, of the point 6 for the synchronous speed 
condition. 


Then, the first circle locating the point 6 can be 
drawn through these three points. The second circle 
is determined from the first by the use of the first 
proposition in Appendix A. A line m 6, 6b; is drawn 
from m through the center of the first circle (Fig. 17) 
and on this line as one leg, the triangle m 6, c; is con- 
structed similar to the triangle m boo. Then the line 

Ci Co Cc; m 


C1 C2 18 laid off so that NEL eS 


; C; Cy is the diameter 


of the second circle. 

Then any line such as m 6 drawn to the first circle 
and the line bc at right angle to m b form the two legs 
of the right triangle showing the voltage drops due 
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to the load current and the line oc represent HE, while 
the line o b represents H,. Since speed is proportional 


to 4 ee it follows that the speed for the load shown by 
5 


the line m 6 can be found from the lengths of 0 c and o b. 
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It will be shown later that the torque produced may 
also be found from the two lengths oc andob. It has 
already been shown that the primary current is repre- 
sented by the line d 6 in amount but that d 6 is at right 
angles to the current J, while m 6 represents the second- 
ary current in amount, but 90 deg. out of phase. Fig. 
17, therefore, shows speed, torque, primary current 
and secondary current and the phase of the two cur- 
rents. This diagram may be very much simplified 
without destroying its usefulness. 
Since the line oc is the only one determined by the 
second circle, it is very desirable to find a line in the first 


circle proportional to oc. Such a line proportional 
to oc is the line } bo Fig. 17, as is proved in Appendix 
B. The diagram may then be drawn as shown in 
Fig. 18, where the different lines represent the following 
quantities. 

o d represents FE’, to scale and in phase. 

o brepresents FE’, to a different scale and in phase. 

bbo represents EH’, to a still different scale but not in 
phase. 

b d represents J to a certain scale 90 deg. from correct 
phase. 

m 6 represents J, to a different scale 90 deg. from 
correct phase. 
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So far we have neglected the primary iron loss and 
the primary copper loss in drawing the diagrams. 

The iron loss in the stator is proportional to the flux 
o: squared. Since we are assuming a constant voltage 
E, and therefore a constant flux , the stator iron loss 
will be constant. The rotor iron loss due to the pri- 
mary flux is proportional to the flux @». squared, so it 
will decrease as the load increases since the flux ¢» 
decreases with an increase in load. But the motor slows 
down as the load increases and the rotor iron loss is very 
small at synchronous speed and larger at lower speeds, 
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so the iron loss will increase for a given flux @, at lower 
speeds. Theincrease in loss, due to the lower speed offsets 
the decrease in loss due to the decrease of the flux @¢o. 
For this reason, it is justifiable to assume that the 
total primary iron loss is constant if EH, is constant. 
This loss may be considered as being supplied from the 
line by means of a small additional current Ir, flowing 
through the primary n addition to the current J, 
considered so far. Since bd represents J in amount 
but is 90 deg. from the proper phase, if we wish to 
add the current Ir, to J we may do so by drawing a 
line d o', Fig. 19, representing Ir, to the same scale as 
bd represents J and at r ght angles to its correct phase. 
Then the total primary current J' will be o! b Fig. 19, 
to the same scale as b d represents J. 

Due to this current J' there is a voltage drop I! r, 
in the primary caused by the primary resistance 1}. 
This voltage is in phase with the current J‘ and ther - 
for at right angles to the line o! b, when od represents 
the phase of the voltage HE, and o! b is 90 deg. from /'. 
In order to simplify the diagram, we will let 0! 6 repre- 
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sent the phase of the primary currents in which case 
the primary voltage must be represented by a line 
o'e at right angles to od, and the primary resistance 
drop I' r, is represented by a line o't, Fig. 19, in line 
with o'b. Since the total line voltage is the sum of 
EB, and I' ri, we will lay off EL, = o'e from o! at right 
angles to o d in which case e t represents the line voltage 
to the same scale as 0! e represents F;. 

Since o't and o!b are both proportional to I’ and 
the point 6 lies on a circle at all loads, the point ¢ will 
also follow a circle. The two circles will have the ratio 
of diameters of a and the centers of the two circles 
will be on the same line passing through the point ol. 
The centers will also be at such distances that 


ot 
ob 


shows the complete circle diagram in which the different 
lines represent the following quantities. 
o' b represents primary current in phase and to scale, 
e t represents line voltage in phase and to scale, 
cos of angle o! ¢ e equals power factor, 


o! 04 


mie (Fig. 20) = 


(Fig. 19). Then Fig. 20 


Feb. 1925 


the lines 0 b and 6 bo will give the speed and torque, 


the efficiency may be obtained from _SPeed X torque 


If secondary current is desired it is represented by 
m 6 to scale and phase. 

It only remains to find the various constants and 
scales of the lines representing these quantities, so that 
the numerical results may be read from the diagram, 
and so that the diagram may be constructed when the 
constants of the given machine are known. 


TORQUE 

Torque is produced by the reaction of a current in a 
conductor on the flux cutting the conductor. Its 
instantaneous value is proportional to the product of 
the instantaneous current and the flux at that instant. 
If the flux and current are both alternating and in phase 
the maximum torque is proportional to the product of 
the maximum current and the maximum flux. If the 
current and flux are not in phase the maximum torque 
is proportional to the product of the maximum flux 
and maximum current and the cosine of the angle be- 
tween them. 

Since the cutting voltage is proportional to the flux 
times the speed, the flux will be proportional to the 


cutting voltage 


and this voltage will represent the flux 
speed 


in phase. It follows then that the torque is pro- 
portional to the 


cutting voltage < current Xx cos of angle between them 
speed 


The secondary coil a Fig. 2, carries the current I, 
as shown in Fig. 6 and has the voltage H, generated 
in it by the flux dc. Then the torque produced will 


Ki, I, COs B 
speed 


equal Each of the other coils will have 
a similar current and, therefore, will produce an addi- 
tional torque. The total torque will be proportional 
to that in coil a. In the same way the current J; 
in coil d produces a torque with the flux 2, as do the 
currents. J;! in the other secondary coils and the total 
torque produced by all these currents is proportional 


3 E's COS @ 


to the torque produced by the coil d, or to — speed 


Since J; is less than 90 deg. from the cutting voltage 
EH; as shown in Fig. 4, while J, is more than 90 deg. 


from the cutting voltage H, as shown in Fig. 6 it follows 


that one of these torques will-be positive and the other 
will be negative. Then the net motor torque will be 


I, H,cos 6 — I3 H3 cos a 


proportional to — areal 


In order to evaluate this expression it is necessary to 
go back to Figs. 4 and 6 to find the relations between 
the various quantities. In Fig. 21, draw H. equal to 


Ex fp X cos o'te 
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HF, in Fig. 6 and E,! equal to but opposite to EH, in 
Fig. 6. Then the line I, r, will be equal to and in phase 
with the line J. r. in Fig. 6. Along EF; lay off a length 
equal to H; Fig. 4. Then a line at the same angle with 
HE; as that between FH; and a vector opposite to E, 
(Fig. 4) will fall along #,!.. This is because the angle 
between H, and E',! equals the angle between EH and 
EH; since EH, and E; are at right angles and EH; and E, 
and also at right angles. 


We see from Fig. 21, that I, cos B = Bae 
and that I; cos a = ies - SOS 
but 
EB; = rf eC Sas = EK, as x so that I; cos a = 
sin sin @ 
| cos 4 — cos 6 ) 
sin @ 
Te 
Pie. 21 
Ee speed . Hs _ syn. speed 
and EH, ~~ syn. speed rn EB, ~~. speed 
so that I; E; cos a = aoe ( US cos 7) 
To sin @ 
Then the net torque will be proportional to 
E.cos 6— E, BE, EB, ( COs Ae ) 
( ro X speed )e ry X speed\ sna“ : 
Hi, E4{ 2 cosy0 — eon )- Ee 
deca Verran sin @ . 
md rT» X speed 
‘ cosA _ Isr2cos hd 
From Fig. 21, we see that Sina, ct EE but 


I; cos \ is the current producing the crossfield flux ¢c 
by its magnetizing action (J; sin \ furnishes iron loss 
in the same way a3 Ir, furnishes primary: iron loss.) so 
that EL’; is proportional to I; cos: X. 

Since ¢c includes both the flux that goes into the 
stator (around a path having the same permeance as 
the path followed by the flux ¢,,) and the flux following 
the path of the secondary leakage flux ¢:s, the total 
permeance of the path for the flux ¢c is proportional 
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I; cos 
to 2m + %2, so that Ey = ee 
COS; Ne re 
F sin a oi Cea + Lo) sin (7) 


and the net torque is proportional to 


To : 
Bs Bs ( 200s ‘ee (2m + 2) sin 0 ) — Es 
speed 
SPEED 
As has already been shown ( __Speed__ ) 
syn. speed 
= Es Ei, 0 E, E; 
Oe Ma dee IIe og 
E oe cos = T5 
oy Ee sinja (Zee, )iein 


Therefore, speed = syn. speed 
OF 


To 
as 5) Hae | (nm + a2) sin 6 
PRIMARY CURRENT I! 


As shown above 6 d represents J to a certain scale 
and o! b represents I' to the same scale. 


but b d =pa( = ) and Pee eee 
mp mM p 


em 
Vise eee 
= as 
1 a a er 
Therefore, 
em 
“1 + Xe 
bd=1x, in EE OT (eye as 
Me em + vy 
and it follows that 
ob | ¢, + on Fg, ) = [1 X, 
SECONDARY CURRENT I; 
As was shown above 
mb = 1, ( Xo + a Be ) = fix, 


so it is evident that mb does not represent J, to the 
same scale as b d represents I’. 
MAGNETIZING CURRENT I, 


When the current I; is zero, the only currents in the 
primary will be the magnetizing + iron loss currents or 
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I,,:.. The actual magnetizing current will be J, repre- 
sented by d m. 
Then CM = Tes 

The location of the circle with reference to the line 
od is more easily found than by drawing it through the 
three points 0, b, and b,, as will be shown below in Fig. 
22. On the line om construct the triangle o m b, 

m b, 


; Xe 
having eee: 
through o and b,. Unless the secondary resistance is 
too large, the circle will cut the line m b, at some other 
point such as b: Fig. 22. Then for this load the triangle 
m b,o0 becomes m bx cx and cx will lie on the line o m. 
Since angle o b, bi is a right angle and the three points 
0, b, and 6: all lie on the circle, o 6: must be the diameter 
of the circle. Then the angle c: 0 bx is the constant 
angle @ between o ¢:, representing H, and o br, repre- 
senting E,. Draw the line b: k from bx perpendicular 
too mat k. 

From Fig. 21, we know that 


Then the circle will pass” 


tan @ = fe 


2m + to + re tan X 


Fig. 22 
so that 
bik ieee Lo 
Ob” 22 au re ane 
also 
bik = To 
mk i XG 
Therefore 
ok Zm + Xe + re tan dr 
im ki Xe 
d 
Bn og ses Xe 
Onn Xs ee ees tan 
but 
em m 
om = (= 2) (52) xod 
so that 
&m em 
x, (<2) (+s) 


Wy l= Ol iret ea ge eae 
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Therefore, 


ee) ee 
em )( om ) AS res T2 fi = aes 2m + Xe 


re ( 
bk =od x dreceis ta 


Zm + Xe Xo + %m + 2% + 72 tan Xr 
Xo + 2m + 22+ 72 and Then, o bx is the diameter of the circle locating the 
point b with its center at 0}. 
and. due =— 00 < |) 1 
ol 03 — ot 9) Aedes 
De 
em em 
(2m + %2 + 72 tan A ( eres ) ( PY aie ) diameter of circle 0; = 0 br oer 


Xo+ 2m + 2%. +7. tan Xr 


6.0g= 2 ( Ze \(<cte )xee 
F VJ 12 Se Xie em aia xy &m =F Xe 


Then on this diagram 
S. X o'e = line voltage 
S. xX et = equivalent line voltage 


Si x bo! ( EL 


) = primary amperes 
1 
Ge ( in ) x mb ( soi ) = secondary amperes 


(ORD ae AC) ee Gey 
2 (o' t) (et) 


= per cent power factor 


mite, 26} 


THE FINAL CIRCLE DIAGRAM 

Since the line 6 b, does not represent EL; to scale, and 
since EF’, which is represented by o c, must be multiplied 
by a constant before using, regardless of whether it is 
to scale or not, there is no reason for drawing the part 
of the diagram d, 0, o!, c, b, to the same scale as the part 
o'et. On the other hand, it is more convenient to 
use a different scale for the currents than is used for 
voltages. The lines o! e and o 6 will no longer represent 
FE, and E, to the same scale. 


Let S, = volts per inch to which o! e represents EF’, 


and S: = amperes per inch to which o' 6 represents I. Fie. 24 
‘Then 58 
Kk, = speed (in rev. per min. 
ote (Fig. 28) = 2 x pb beeen Oe eee 
¥, 2 
F i K, (0 b) (b, b) — Kg (6, b)? .] — [Friction (n 
od. = ee SEMEN: son (= % polyphaseiron loss) Cr ) [a (0.0), 22) s (009)? J 
a h. p.) and windage] = h. p. output 
cof nila le aL ) h. p. output 
Bon X18; ( res Torque oz. ft. = a eae x 84000 
dm = In Efficiency 
Si h. p. output x 0.746 
Ts od Primary volts < primary amperes X power factor 
tan \ = —*+ = 
In dm Where 
dk =od iets ST Sie ae F 
K, =| (2m + 22) sin 0 oi xX 


Gta ttm (za )(a te) | 2 
PS Ne MONG SND Ny Spt 2 Tet Xe (22t* ) 2 
B Tete poe Ee aah ky= 0.00134 *2- a W/ T2 + Xe S 
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; . oe ig Beet having two sides proportional and the included angles 
K;= 0.001384 ee || fot | S2 equal. 


Appendix A 


Proposition 1. To prove that if two circles are 
drawn on similar parts of the hypotenuse and one 
leg of a right triangle, any right triangle having its 
vertex at the vertex of the original triangle and its 
other two vertices on the respective circles will be 
similar to the original triangle. 

Construction, Fig. 24. Draw the triangle m 6; c; and 
the similar triangle m b.c. and draw the two circles 
having their centers at 0; and 02 on 6; by and ¢; ¢2 as 
diameters. 


Mm Co 
mM be 


Mm Cy 
m b; 


Ci Co 
b; by 


Oo ™m 


Chen —_— 
0, ™ 


Draw in any line mb and the line mc at an angle 
from mb so that angle cmb = angle c,m b,, until it 
’ cuts the circle 0, at a similar point to the position of b 
on the circle o. That is, if mb does not cross the 
circle 0,, then mc must not cross 02. Connect c and 6 
and draw the radii of the two circles 02 c and 0; b. 


02 € ' 02™M 


Then = 
016 01m 


(by construction) 


And angle 0.mc = angle 0, mb (same angle 0, mc 
added to equal angles 0. mo,andcmb). The triangles 


02mc and 0, m b have two sides proportional and one 
angle equal. The two triangles are similar if the above 
limitation (that mc shall not cross the circle 0. if mb 
does not cross the circle 0;) is placed on the double 
solution given by the triangles with two proportional 
sides and similar angles, (not the included angles) equal. 


mec 02€ Mm O02 Paes : Hans 
(similar sides of simi- 


lar triangles) 
Therefore, triangle m bc is similar to triangle m b, ¢; 


Then 


Proposition 2. To prove that the two vertices (on 
the circles) of the above triangle lie on the two sides of a 
constant angle having its vertex at the intersection of 
the circles. 

Construction Fig. 25. Draw the circles 0; and 02 
on the triangle m 6, ¢;, as above, and call their point 
of intersection 0. Draw the lines 0 @, 0 be, oc and o b. 
To prove that angle b oc = angle b.0¢:. Draw in the 
lines c, c and 0; b. 


mCi 


m b, 


Then since lise 2 (proved above) 
mb 

And angle c;mc = angleb,mb (same angle bimc 
added to equal anglesc,; mb, andcmb). - 

Triangles cc; m and 6 6, m are similar and angle ¢ ¢; cz 
— angle b by bs 

But angle cc;¢c, = anglecoc: (each measured by 4% 
of same are C2 C) 

and angle b 6; b. = angle bo by (each measured by % 
of same are, b» b) 

Therefore, angle boc =angle b.0c. (same angle 
c o bs subtracted from equal angles 6 b; bs and ¢ c; 2) 


Appendix B 

In Fig. 26, the two circles are drawn on similar 
parts of the triangle m b, c, asin Fig. 24, and the triangle - 
m bc is any right triangle having one vertex at m and 
the other two vertices on the respective circles. Draw 
in the right triangle m b, 0, (similar tom bcby Appendix 
A, Proposition 1,) and the lines 0 c and 3b, b. 

Then, triangles mco and mb 6, are similar having 
two sides proportional and the included angles equal. 


bb, . 
oc m bo 


m oO bb, 
or 


= ratio of diameters 


of two circles. 


nites ratio of diameters of two circles as shown in 
o 


Appendix A. 
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Discussion 


V. Karapetoff: The problem treated by the author is quite 
old, and a complete absence of correlation with the work of pre- 
vious investigators is rather deplorable. Thus, the whole set of 
papers and a voluminous discussion before the Institute in 1918 
are entirely ignored, as well as the subsequent contributions to the 
theory of this class of machines. In 1921 I showed the equiva- 
lence of the two theories of the single-phase induction machine 
JourNAL, Vol. 40, page 640) and gave a new equivalent diagram, 
only one branch of which contains variable slip. A circular locus 
and a general-performance equation follow from this diagram 
directly. In Vol. 41 of the Transactions there is a paper by 
Mr. Kostko which to me only shows that elementary mathe- 
matics is inadequate to lead to a simple theory of the machine, 
on the basis of two oppositely revolving fields. Mr. Perkins’ 
paper shows that elementary mathematics is also inadequate in 
the cross-field theory. I hope, therefore, that this method of 
approach will now be definitely abandoned in favor of more 
advanced and shorter mathematical tools. In the JourNat for 
1923 (Vol. 42, page 1181) I indicated the use of the scalar product 
of vectors in the solution of problems on locus diagrams of 
electrical machinery. This new use of vector analysis has al- 
ready proved to be quite fruitful in a derivation of the exact 
eircle diagram of the polyphase induction motor, without inver- 
sion or long formulas. The next step is to try this method on the 
single-phase machine, preferably using the unified equivalent 
diagram mentioned above. 

Instead of a laborious step-by-step method, we ought to be able 
to write at once a few vectorial equations which represent all the 
essential relationships in the machine. For a solution of these 
simultaneous equations an advanced mathematical method 
(or some mechanical device) should be used, leaving the physical 
relationships ‘‘transparent’’ to the end. Of course, in numerical 
computations there will be products of complex quantities to 
evaluate, but there already are a few computing devices for a 
convenient handling of complex quantities, and probably in a 
few years computations with such quantities will be not nearly so 
tedious as they are now. 

W. B. Hall: I have found considerable confusion existing in 
the minds of students and engineers concerning the fundamental 
analytical reasoning employed in the cross-field analysis of the 
single-phase induction motor. 

We are accustomed to consider a conductor or circuit. We 
determine the voltage generated in this conductor, the resistance 
and reactance of its circuit, and we say that the current lags the 
voltage by an amount: determined by the ratio of resistance to 
reactance, or we may consider the reactance as a voltage, and 
' determine the net voltage acting in the circuit. The current 
flow will then be in phase with this net voltage, which is the J R 
drop. 

In analysis of polyphase motors, we sometimes use these 
methods of thought: We consider the voltage induced in con- 
ductor d. We say that the current will flow later, because of the 
reactance of the circuit, and that d will then be in some other 
position, where e or f were at first. This same attack may be 
applied to the single-phase motor. But it leads to unnecessary 
complexity. 

So in single-phase-motor analysis another method of attack is 
used, as in this paper, but this new method has never to my 
knowledge, been clearly and definitely described. It has been 
rather assumed without distinet description, resulting in much 
confusion of thought on the part of many readers. 

The new idea, which needs to be clearly stated, is that H3 is not 
the voltage in any one conductor. _ If we plotted the value of the 
voltage in each successive conductor as it passd through the posi- 
tion d, we should obtain a sine wave, for @: varies thus with time. 
A vector, H3, may obviously be used to represent this sine wave, 
but it must be constantly kept in mind that Hs; does not repre- 
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sent the voltage in any one conductor, but represents the succes- 
sive values of the voltage in each conductor as it passes through 
the position d. 

Our usual ideas of reactance and resistance will not longer 
apply, since we have no eirecuit, but a succession of circuits. 
Hence Mr. Perkins abandons the idea of reactance and uses the 
method of determining the net voltage and considering that the 
instantaneous current flow in any of the successive circuits is 
directly proportional to the instantaneous value of this net volt- 
age, which is the 7R drop at the successive instants of passing 
through position d. 

Thus, in Fig. 4, #3 represents the successive values of voltage 
in the rotor conductors due to cutting @» at the instant that each 
passes through positiond. Hg, represents the successive values of 
transformer voltage due to @, at the instant that each conductor 
passes through position d. J3 is not the current in a coil d or in 
any coil, but represents the successive values of the current in 
each conductor as it passes through position d. 

With this distinction clearly in mind somie erroneous conclu- 
sions may be avoided, and some hazy conceptions made clearer. 


P. L. Alger (by letter): Mr. Perkins has given a very com- 
plete deseription of a cirele-diagram method of calculation for 
single-phase motors, based upon the eross-field theory. The 
clear inference is that he considers this method and this theory 
preferable to their alternatives, the equivalent-cireuit method 
and the revolving-field theory. It is my opinion that the second 
method is greatly preferable to the first, and that the latter theory 
is more accurate than the former. 


The equivalent-cireuit method seems preferable because it 
avoids the time consumption and the errors of graphical construc- 
tion; it permits the constants of the motor to be varied to take 
account of saturation, eddy currents, or heating without duplica- 
tion of the work; it affords a clear visualization of the funda- 
mental application of Kirchoff’s laws for the electric circuits to 
the motor; and it permits the study of the mst{<cr to be carried to 
any degree of approximation or of refinement without change in 
the method. Two advantages are generally claimed for the circle 
diagram method, that it avoids the use of vector algebra and that 
it permits an easy visualization of the variation of motor char- 
acteristics with speed. The first advantage appears rather to be 
a handicap, as it avoids the use of a very convenient and simple 
means of calculation in a place where it is most fitted for use. 
The second advantage is an important one, but it is obtained at 
the expense of another sort of visualization which may be equally 
satisfactory. It is generally true in the history of mathematies 
that graphical methods are developed first, but are later sup- 
planted by abstract caleulational methods as familiarity with the 
work is acquired and the need for increased accuracy and de- 
creased time consumption becomes important. 


The eross-field theory is, according to all the books, precisely 
equivalent to the revolving-field theory, so that any result may 
be obtained by either method. This equivalence of the two 
theories was again brought out by Mr. Kimball and myself 
in our: recent paper on ‘Torque Pulsations of Single-Phase 
Motors,” A. I. E. E. Journat, December 1924, page 1142, 
when we derived the same formulas for the double-frequency 
torque by the two methods independently. However, there is 
one phenomenon, that of eddy currents in the squirrel-cage 
winding, that can be better taken into account by the revolying- 
field theory. If a double squirrel-cage winding, or its equivalent 
is employed, the secondary resistance is much higher at double, 
line frequency than at slip frequency. Thus, different values of 
secondary resistance must be used for the forward and backward 
field currents in the revolving-field theory. But in the ecross- 
field theory, the secondary current in either axisis considered as a 
whole, instead of being divided into its slip frequency and double- 
frequency components. Thus, the resistances used in the sec- 
ondary circuits of the cross-field theory must be intermediate 
between the high and the low value, but just what values they 
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should have is a problem that has not been solved. .In short no 
method has been published of properly taking into account eddy 
currents in the secondary by the eross-field theory, and so in this 
respect the revolving-field theory is superior. 


L. M. Perkins: Professor Karapetoff brought up a very 
desirable feature: that we use as few operations as possible in 
deriving our vector diagrams. But he is pointing toward Utopia, 
I think, on account of the difficulty of making direct analysis 
without use of step-by-step methods. 


One point which Prof. Karapetoff brought up is that he secures 
by his method a single variable, which variable is of course the 
slip. In the single-phase induction motor this variable is slip 
x (2—slip) which comes outin this paper as well as in the op- 
positely-rotating field theory, the slip being, of course, the slip 
with reference to the forward rotating field, and the (2—slip 
being the slip with reference to the oppositely rotating field. 

In Fig. 21 of my paper there is a diagram showing the counter 
e. m. f., H4’ and the e. m.f. generated in the secondary 
conductors by the net flux, which is Z,. If from £,’ a line is 
drawn perpendicular to £4’ until it intersects 2, the intercept 
between this line and #; (that is, the end of the vector) will be the 
length of this variable, s (2—s). If this is carried through, you 
will find that in the final diagram the cirele having the one vari- 
able s and (2— s) is the one shown. 

Another point brought up was the question of considering the 
rotor conductor as stationary. Ifyou want to find what the cur- 
rent isin the rotor as it turns, there is no better method than using 
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the oppositely rotating fields, but if you want to know what the 
primary input is, what power factor you will get for a given load 
(since the primary is stationary and the only way the primary can 
transfer energy to the secondary is by a stationary field), it is 
best also to consider the secondary as stationary, taking care of 
the effects of rotation by considering the counter generated by 
rotation. 

A good illustration of the trouble gotten into when consider- 
ing the rotating-field method is apparent when one wishes to 
determine the effect of increasing the reactance of the secondary 
winding. According to the rotating-field method, there are two 
separate currents in the secondary winding, one of slip frequeney 
and one of (2 — s) frequency. But what happens if you increase 
the reactance as far as it affects the slip frequency? There is no 
large change, but according to the normal way of looking at it, 
the current of the (2—s) frequency would be eut out almost 
entirely. It is rather hard to see how the performance is really 
affected, unless one follows this method, which shows that all 
currents in the rotor are really of line frequency and that, there- 
fore, an increase in reactance of the secondary will cut down or 
will affect all rotor currents; the slip frequency current, as well 
as the (2 — s) frequency current due to the oppositely rotating 
field. 

The original purpose of this paper was to bring out the theory 
of the single-phase induction motor in such a way that the aver- 
age engineer could follow it, although of course it is still very 
complicated. There are no assumptions as are necessary when 
you consider the oppositely-rotating-field theory. 


Effect of Full Voltage Starting 


on the Windings of Squirrel-Cage Induction Motors 
BY J. L. RYLANDER: 


Member, A. I. E. E. 


Synopsis.—This paper discusses the effect on the windings 
when starting squirrel-cage induction motors with full voltage. The 
data is presented in four growps: namely, (1) Special tests made 
with a vibrograph instrument on a 50-h. p. and a 500-h. p. induction 
motor: (2) Observation tests made on a number of motors when 


T is well known that a heavy starting current is re- 

quired when starting squirrel-cage induction motors 

with thecustomary auto-transformer starter. When 
starting these motors by connecting them directly to the 
line a starting current that is even heavier is drawn from 
the line, which, in itself, is undesirable. However, on 
certain applications it is desirable to have motors start 
from rest or at some reduced speed without the aid of an 
attendant when the power on the line fails and then 
comes again. This is accomplished by omitting the 
customary auto-starter and connecting the motor directly 
to the line, thereby impressing on the winding full- 
line voltage instead of reduced voltages of 50, 65, or 
80 per cent. 
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’ Fie. 1—DracrRammMatTic Sxetcu or VIBROGRAPH MaAcHINE AND 
MertHop or CoNNECTING IT TO WINDINGS 


The effect of full voltage starting on the windings of 
squirrel-cage induction motors is discussed under four 
subheadings; namely— 

The special tests made on two motors. 

The tabulated observations on a number of motors 
when starting with full voltage. : 

The condition of windings which failed in service. 

And in formulas which show the main factors in- 
volved in the bracing of induction motor windings. 

Two motors were chosen for making thorough tests; 


1. Westinghouse Electric & Manufacturing Co., Hast Pitts- 
burgh, Pa. 

Presented at the Midwinter Convention of the A. I. E. E., 
New York, N. Y., February 9-12, 1925. 


starting with full voltage: (3) The condition of some windings which 
failed in service: (4) Formulas which show the main factors in- 
volved in the bracing of induction motors. Induction motor coil 
bracing in general is discussed. 


* * * * * 


one was a 50-h. p., three-phase, six-pole, 440-volt, 60- 
cycles, 1160-rev. per. min., squirrel-cage motor, the 
other a 500-h. p., three-phase, four-pole, 2220-volt, 
25-cycle, 724-rev. per. min. squirrel-cage motor. The 
windings were of the open-slot type. There was no 
special coil bracing on these motors. 

The deflection of the coils was measured with the aid 
of a special measuring device called the “‘vibrograph’’. 
The vibrograph is an instrument which transfers mo- 
tion to a place where it can be recorded as well as magni- 
fied. It consists essentially of a moving roll of paper on 
which a pivoted ink-pen records the movements of the 
pen, which is fastened, through an arrangement of 
levers, to the place of motion. The purpose of the 
levers is to magnify the motion. The vibrograph, 
therefore, shows the characteristics and magnitude of 
the deflections. A 0.01-in. diameter steel wire was 
fastened around the part of coil or supporting ring on 
which the vibration was to be measured, and this wire 
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was connected to a leverage arm of the vibrograph 
machine. Measurements were taken at the middle 
and the end of the coils on the outside circumference 
and also on the coil supporting ring which is roped to 
each coil. In most of the readings taken the steel wire 
was in a radial position and in others the wire was in a 
tangential direction at right angles to the coil. Fig. 1 
shows a diagrammatic sketch of the vibrograph machine 
and the method of connecting it to the windings. 
Oscillograph curves of the current were also taken at 
the same time. 

Fig. 2 is a tracing of three separate vibrograph dia- 
grams grouped together for convenience. This shows 
the effect of starting the 50-h. p., 440-volt motor with 
220, 440 and 660 volts, which corresponds to 50, 100 
and 150 per cent of the normal voltage. The motor 
was connected directly to the line with a three-pole 
switch. The motor was without load- With 220 
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volts, the coils moved 0.002 inch, and several seconds 
were required to bring the motor to full speed. With 
440 volts the coils moved 0.01 inch and required 1 
second for the motor to reach full speed. With 660 
volts the coils moved outward 0.016 inch for 0.4 second 
until the motor reached full speed. In all three cases 
the winding pulled away from the rotor and toward the 
frame. With 440 and 660 volts, the movements could 
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Fie. 34—Com Movement or 50-H. P., 60-Cycrr, 440-VoLr 
WHEN STARTED W1TH FULL VOLTAGE AND Fut Loap 


be observed with the eye and appeared to be larger than 
the measurements recorded by the instrument. The 
movement is for the radial direction. 

Fig. 34 shows the coil movement of the 50-h. p., 
440-volt, 60-cycle motor when started with full voltage 
and full load. The motor was connected directly to the 
line with a 3-pole knife switch. The winding moved 
outward toward the frame 0.01 inch, when the motor 
was started, and then vibrated while in this position for 
114 seconds until the motor attained full speed. This 
curve indicates that the winding vibrated 60 times per 
second soon after the closing of the switch, but the 
vibrations soon changed to 120 per second. ‘The motion 
is in the radial direction. Fig. 3B shows the oscillo- 
graph curve of the current which was taken simul- 
taneously with Fig. 3A. The maximum current was 
360 amperes, or 6.3 times the full-load current. 

Fig. 44 shows the coil movement of the 50-h. p., 
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440-volt, 60-cycle motor when started with a standard 
auto-transformer starter. The starter was set at the 
80 per cent voltage tap. The first part of the curveshows 
the coil movement when starting with 80 per cent volt- 
age, and the second part of curve taken after a lapse of 
about two seconds shows the coil movement caused 
when changing from 80 per cent voltage to the full- 
line voltage by means of an auto-transformer starter 
which opens the circuit momentarily to make this 
change in voltage. The coil motion is for the radial 
direction. It will be noted that the winding moves 
quickly toward the frame as soon as the motor is 
started, and then gradually returns to the normal 
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position and then toward the rotor; then when the 
change is made from the 80 per cent voltage to full 
voltage there is a quick movement toward the rotor 
followed quickiy by another movement in the reverse 
direction of greater force than the preceding one. The 
winding then returned to the normal position. The 
cycle of movement to return to normal position re- 
quired 14 second from the time the line voltage was 
applied. The writer has no explanation to offer for 
the first part of the curve for its peculiarity. This 
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Fie. 4a—Cor Movement or 50-H. P., 440-Votrt, 60-CrycLE 
Moror WHEN STARTED WITH STANDARD AUTO-TRANSFORMER 


peculiarity does not occur in the corresponding curve 
in Fig. 6B. The explanation for the movement of the 
winding in opposite directions as shown in the second 
part of Fig. 4A is that the normal direction of move- 
ment is toward the frame as in Figs. 3 and 5, and that 
when the circuit was momentarily opened, the residual 
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magnetization of the rotor induced a corresponding 
voltage in the primary, and this voltage was out of phase 
with the line-voltage which was then applied. Fig. 4B 
shows the oscillograph curve of the voltage and amperes 
taken simultaneously with Fig. 44. The current at 
starting was 250 amperes, but the maximum current of 
380 amperes flowed at the instant the line voltage was 
applied. 
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In Fig. 5A the 50-h. p., 440-volt, 1160-rev. per min. 
motor was started with no load and the circuit was 
opened until the speed dropped to 600 rev. per min. 
Two of the primary leads were reversed while the 
motor was slowing down to 600 rev. per min. so that 
the motor would stop almost instantly and reverse its 
rotation. The switch was then closed. Fig. 5A 
shows that the windings moved 0.008 in. toward the 
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frame, and the total time required to stop the motor 
from half speed and bring it to full speed in the oppo- 
site direction was 1.8 seconds. Fig 5B shows the 
oscillograph curve of the current which was taken 
simultaneously with Fig. 54. The current taken was 
380 amperes for the first second, which is 6.7 times the 
normal full-load current. 

Fig. 6 is a tracing of four separate vibrograph dia- 
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grams grouped together for convenience. These four 
curves are all for the 50-h. p., 440-volt motor, but lin 
each case the motor was run on a 550-volt circuit. 
Curve a is for starting with 550 volts applied directly 
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Fie. 6—Four SEPARATE VIBROGRAPHS GROUPED TOGETHER 


to the winding. Curve 0 is for starting with an auto- 
starter on the 80 per cent voltage tap. In Curve c 
the rotation was reversed while running at half speed 
with no current by reversing two of the leads and then 
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applying 550 volts. Curve d is the same as Curve a 
except that a coil-supporting ring was added to brace 
the winding. This ring was made from a 14-inch diame- 
ter steel rod and each coil was tied to it with one turn of 
heavy twine. By adding the coil support the move- 
ment of the coil was reduced from 0.012 inch to 0.002 
inch. The 6 curve shows the coil movement quickly 
reversed itself in‘a more marked manner than occurred 
in Fig. 44. The movement was radial and toward the 
frame for all curves except the b curve, which had a 
momentary movement toward the rotor before chang- 
ing from the 80 per cent auto-transformer tap to the 
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line voltage. Figs. 6A, 6B and 6c show the oscillo- 
graph curves of the voltage and current for the vibro- 
graph curves, 6 a, 6 b aiid 6c respectively. In Fig. 6c 
the light in the oscillograph failed momentarily and 
therefore, omits the middle part of the curves. 

Fig. 7 shows the coil motion for the 500-h. p., 2200- 
volt induction motor when it was started without load 
at 1100 volts. Note that the winding did not shift to 
either side but vibrated an equal amount about its 
normal position. The vibration is in the radial direc- 
tion. This may be compared with Fig. 8, which is the 
the same except that it is for full voltage (2200) start- 
ing. With 1100 volts, the coils vibrated 1/16 inch for 
2.7 seconds until motor was up to speed, and with 2200 
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volts the coils vibrated 14 inch (\% inch on each side of 
the normal position) for the 0.65 second required 
to bring motor to full speed. In Fig. 8, thecoils vibrated 
3/16 inch toward the rotor and 1/16 inch toward the 
frame and then held the position of 1/16 inch toward 
the frame after the motor was up to full speed. This 
curve gives the impression that the coils vibrated 
against something on the frame side 1/16 inch from 
normal, which prevented the winding from moving or 
vibrating beyond that point. This curve is for radial 
motion with the wire fastened at the middle of the end 
extension. 
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Fig. 9 is for tangential motion; otherwise it is the 
same as in Fig. 8. It shows that the tangential motion 
was almost 14 inch (lon each side of normal) and 
therefore about the same value as the radial motion. 
It also shows that the coils have a sidewise displace- 
ment of 1/16 inch to one side, which remains after the 
motor is up to full speed. 
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Fig. 10A was taken to show the effect of opening and 
closing the circuit similar to the action that occurs when 
using an auto-transformer starter. The motor was 
started with full voltage, then the switch was opened 
at the end of one second and closed again at the end of 
two seconds, and then opened at 214 seconds and 
closed after 3 seconds, then opened after 314 seconds. 
The vibration was 14 inch when the switch was closed 


Inward Motion 


Started with Half Voltage, a 
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tained by exerting a force through a spring balance and 
measuring the deflections by the vibrograph. 

Fig. 14 shows the radial force exerted on a coil of the 
50-h. p. motor at the different voltages. It is plotted 
from data in Figs. 12 and 18. 


GENERAL DISCUSSION OF CURVES 
These curves show that there was either quivering, 
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the second and third time, the same as when started 
the first time with full voltage. Fig. 10B shows the 
oscillograph curve of the voltage and current which was 
taken simultaneously with Fig. 10a. Fig. 10B, as 
well as curves in Figs. 3B and 6A, shows that a voltage 
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is induced in the primary winding after opening the 
switch to the supply circuit. 

Fig. 11 has been plotted from test data of the 50- 
h. p. motor, to show the effect of different voltages on 
the time in bringing the motor up to full speed. Like- 
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vibration or displacement of the windings when the 
motor was started in all of the tests on these two motors. 
The severity of the motion or displacement increased as 
a function of the square of the voltage applied to the 
particular winding; that is, a 440-volt or 2200-volt 
motor is no worse than a 220-volt motor with regard to 
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Fig. 108 


the effect of voltage alone, but 440 volts will produce 
four times as much coil displacement as 220 volts on a 
particular winding regardless of the voltage rating. 
When the windings were displaced, the displacement 
was toward the frame in all cases except when starting 
the motor with an auto-transformer starter. The 
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wise, Fig. 12 shows the actual displacement of the ends 
of the coils as a function of the voltage. 

Fig. 13 shows that the radial displacements of a 
stator coil are directly proportional to the force applied 
to the coil within the limits measured. This was ob- 


windings move and vibrate in both radial and tangential 
directions. 

The amount of coil movement and its duration, as 
shown in the vibrograph curves, correspond with the 
starting current on the oscillograph curves taken simul- 
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taneously with them. The length of time that the 
windings are displaced by the starting current for any 
two voltages on a given winding is inversely propor- 
tional to the square of the ratio of these voltages. 
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radial displacement of the stator-coil ends for any two 
voltages applied to these windings was proportional to 
the square of the ratio of the voltages within the limits 
measured. Therefore, the length of time in seconds 
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The 
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that the windings vibrate, multiplied by the coil dis- 
placement in inches, will give a constant value regard- 
less of the voltage applied. The addition of a coil 
supporting ring, as in Fig. 6 (d), shows that additional 
coil bracing reduces the coil movement considerably. 
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Figs. 8B, 6A and 10B show that there is a voltage at 
the motor terminals after disconnecting the supply 
circuit from squirrel-cage induction motors. For the 
50-h. p. motor with full load, the induced voltage is 
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25 per cent of normal voltage, half a second after open- 
the switch, and on the 500-h. p..motor with no load, 
the induced voltage is 50 per cent of full voltage 34 
second after opening the switch and 35 per cent after 
134 seconds. In the primary, this voltage is induced 
by the residual magnetism of the rotor, and the fre- 
quency is directly proportional to the speed of the rotor 
which is slowing down. 

Starting motors with full voltage produces a severe 
strain for a short period, whereas the use of an auto- 
transformer starter produces a less severe strain for a 
longer period and also a momentary strain that may be 
more severe than when starting with full voltage. 
The auto-starter may produce two severe shocks on 
the winding in opposite directions. This is accounted 
for by the voltage which is produced by the winding 
being out of phase with the line voltage at the instant 
of changing from the lower-voltage tap to the full volt- 
age tap of the auto-starter. 


WHAT OBSERVATION OF WINDINGS HAs SHOWN 


In addition to the two motors on which oscillograph 
and vibrograph curves were taken, other machines as 
listed below were started with the full-rated voltage 
on the terminals and the effect observed: 


Coil Ex- Starting Effect on 
H. P. | Volts | Poles | tension Current Winding 
50 440 6 41/2 6 X Full Load | Moved slightly 


400 7.5 X Full Load | Considerable move- 
ment on coils and 


complete winding 


2200 4 11 


250 220 24 53/8 | 4.4 X Full Load | Quivered slightly 
400 2200 24 55/8 | 5.7 X Full Load | Quivered slightly 
600 2200 2 9 9.8 X Full Load | Appreciable move - 
ment of complete 
winding 
10 220 4 33/8 | 5.2 X Full Load | No effect: This 


winding is made 
solid by dipping 
the complete wind- 
ing in varnish and 
baking it. No 
other bracing used. 


When the effect on the windings is slight, nothing is 


seen with the eyes, but any quiver or vibration of the © 


windings is felt with the hands without difficulty. 
Some of these windings not only vibrated but had a 
definite movement which lasted as long as the heavy 
starting current flowed through the windings. These 
movements of the windings were such as to separate 
the windings wherever the phases change and for the 
winding to move away from the rotor and toward the 
frame. When the vibration of the winding is severe, a 
distinct hum is heard. 


Motors FAILING DUE TO DISTORTION OF WINDINGS 

Some machines which had been in service for years 
finally failed due to distortion of the windings. These 
machines had used the customary auto-starter method 
of starting. Whether the cause of the distortion was 
due to the starting current or to some other disturbance, 
such as short circuits on the line near the motor, was 
notknown. These windingsshowed the following effects: 
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1. The windings had separated between phases. 

2. The windings had moved away from the rotor 
and toward the stator. 

3. The top and bottom layers of coils had drawn 
together. 

The separation between phases and the movement 
toward the frame were also seen on some of the windings 
that were observed while they were being started. 
The action of top and bottom layers on each other can- 
not very well be observed, but from the formulas which 
follow, it should be expected that the top and bottom 
layers should draw together at certain places. 


DERIVATION OF WORKING FORMULAS 


There is an attraction or repulsion between each and 
every other conductor and also between each conductor 
and the magnetic field of the secondary, and also with the 
stray leakage flux of the primary. On account of the 
complications involved, and because the action of con- 
ductors on each other is the main force involved, 
formulas have been worked up for this action only. 

The force exerted between two parallel conductors is: 


* 45x 2G 
CoA? 


where P is the force in pounds, L is the length of the 
conductors in inches spaced a inches apart and having 
I amperes flowing in both wires. This force attracts 
when the current is in the same direction and repels 
when the current flows opposite directions. 

The deflection of the conductors can be derived from 
the formula 


eb: 
48 H M 


where E' is the modulas of elasticity (11 x 10° for 
copper) and M is the moment of inertia = 


bh 
12 


and where h is the dimension of the beam in the direc- 
tion parallel to the applied force and 6 is the dimension 
at right angles to the applied force. D is the deflec- 
tion in inches when b, h and L are expressed in inches, 
and the deflection 


D= 


1.02 [2 LA 
~ aX oh? X 10% 


By assuming a typical value of current density in the 
copper conductors of 2500 amperes per square inch and 
using a value of the starting current as being 6 times 
full load, the value 15,000 b h can be substituted for J, 
and the deflection or amount of vibration becomes 

Pe ee ee ee 
mouke es eka AES 
where D is deflection in inches. 
h is dimension of conductor in inches in the direction 
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parallel to direction of applied force, and 6 is the dimen- 
sion of conductor in inches in direction at right angles 
to the direction of the applied force. 

L is the length of conductors in inches between sup- 
ports and a is the space between conductors in inches. 


Com BRACING 


The attraction and repulsion of the conductors on 
each other tends to move the conductors and is opposed 
by the mechanical fastenings which support the con- 
ductors. Many of the conductors are secured by rest- 
ing against other conductors, which are secured by 
various means. As all armature conductors pass 
through the slots, the slots become an effective means of 
securing a large part of each conductor. Beyond the 
slots a number of the conductors are bound together ina 
unit as a coil, and this prevents the conductors from 
vibrating against each other. Each coil end tends to 
move under the effect of the force exerted on it by all 
other coils in the machine but is resisted by the rigidity 
of the coil as each coil is held by being placed in two 
different slots and usually at one or more other places 
on ends of windings by means of rope, bolts, clamps or 
steel bands to other more or less fixed supports. 

The formula for deflection shows that the dominating 
factor is the length between any two supports, as the 
deflection varies according to the fourth? power of 
of this length. This distance should, therefore, be 
kept within proper limits. As the deflection is also 
proportional to the square of the current, the coil move- 
ment will be four times as great for a motor which has a 
starting current ten times the full load value, as for the 
same winding with a starting current of five times the 
full load value. As two-pole and four-pole motors have 
relatively large coil extensions and also have the high- 
est ratio of starting current to full load current, their 
windings must be braced much more firmly than others. 

In many of the small motors the coils fit closely with 
each other and the complete winding is reinforced with 
varnish or impregnating compounds; therefore, their 

“windings are exceptionally well braced to resist the 
forces exerted when starting the motors. 

The vibration and movement of the windings de- 
teriorate the insulation, and if sufficiently severe, will 
cause an. insulation failure. It may also break the 
coil leads. 

The kind and amount of insulation and the method 
of bracing are the limiting factors which determine how 
much vibration or coil movement can be permitted. 
The repetition of these vibrations sometimes has a 
cumulative effect by loosening the rope which is usually 
used to secure the coils to a supporting ring. 

As the amount of vibration or coil movement is 
directly proportional to the square of the ratio of the 


2. Although theoretical calculations show that the coil move- 
ment should vary according to the fourth power of the length 
between supports, some measurements have been made that 
indicate that it is more nearly the third power. 
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starting current to the full-load current, the starting of 
squirrel-cage induction motors is much more severe on 
the windings than it is with wound-rotor induction 
motors where the current is limited by the resistance in 
series with the secondary. As the amount of vibration 
is also directly proportional to the third or fourth power 
of the length of coil between supports, very thorough 
bracing is required where the coil extensions are com- 
paratively large. Nevertheless, there seems to be no 
question but that all induction motor windings can be 
satisfactorily braced to stand the mechanical effect of 
full voltage starting. 


Discussion 


R. E. Ferris: Mr. Rylander’s paper is the result of one of a 
series of tests being carried on covering the general subject of the 
effect of vibration on the insulation and windings of rotating 
electrical apparatus. 

Insulating material may be quite highly carbonized and still 
retain a fairly large percentage of its original dielectric strength, 
provided actual mechanical breakdown does not occur. In 
practically all applications, however, some movement will occur. 
It is, therefore, necessary to keep the operating temperature of 
electrical apparatus well below the carbonization point of the 
insulation used, and also to minimize as much as possible the 
vibration and movement of the winding. 

To accomplish the latter, it is desirable to wind all coils as 
tightly as practicable in the slots and to support the end portions 
in such a way as to minimize the effect of any possible shrinkage 
of insulation. 

Especially for the larger size induction motors, some form 
of mica insulation is best, at least for the slot portions of the 
coils, as this material stands prolonged high temperature with 
very little shrinkage, thus insuring tight coils over a long period 
of time. Where induction motors are wound with closely fitting 
end-windings, 7. e., with no ventilation, the problem of bracing 
becomes simpler, but at the same time the possibilities of higher 
temperatures are increased, and therefore, with this type of 
winding, Class “‘B’’ insulation would seem to give less chance for 
shrinkage and consequent movement than with Class ‘‘A”’ 
insulation; in other words, the type of insulation to be used, 
especially on the end windings is intimately connected with the 
type of ventilation and method of bracing. 

In the paper under discussion, the author has shown, in a 
quantitative way, the movements of induction-motor windings 
under the application of full voltage, and in this way has been able 
to make an intelligent study of the necessary bracings for the 
windings of this type of apparatus. With the type of bracing on 
the motors under test, the author apparently found that the use 
of an auto-starter did not make a great deal of difference as re- 
gards the magnitude of coil movement. The effect of ring- 
supported coils over those without the support is quite striking. 


I might add that as I understand Mr. Rylander, he has not 
stated that all motors can be started under full voltage regardless 
of the type of bracing. In other words, he has emphasized the 
fact that proper and adequate bracing is necessary in order to 
produce motors which may be started under full voltage or over- 
voltage, and also that it may not be possible to eliminate the 
auto-starter unless the windings are properly and adequately 
braced. 

V. Karapetoff: I think we should all weleome this new 
method of testing actual mechanical stresses in windings, and I 
am glad, therefore, to see this paper presented. I only regret the 
appearance of the so-called ‘“‘working formula”’ in it. 
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The ‘‘working formula” on the sixth page in Mr. Rylander’s 
paper is entirely misleading in so far as conductors in slots are 
concerned. The general law is that the mechanical force is 
equal to I; Iod M/d xz, where J; and J», are the currents in thé two 
circuits, and d M/dz is the rate of change of their mutual in- 
ductance with the distance. (See, for example, A. Russell, 
Alternating Currents, Vol. I, page 40). Ina very special case of 
two infinitely long, straight conductors carrying equal and op- 
posite currents, the mutual inductance happens to be such that its 
derivative with respect to x gives the expression quoted in the 
paper. But with rectangular conductors in a slot, with currents 
flowing in nearly the same direction, and with the magnetic field 
determined by the iron structure, the coefficient of mutual in- 
ductaneée is expressed by an entirely different formula and gives a 
different foree. For similar reasons, the formula quoted in the 
paper does not apply to the end connections. 

R. E. Doherty: Any one who has ever tried to visualize the 
leakage flux in the end winding of an induction motor will have 
sympathy with Mr. Rylander’s method of attacking this problem 
as contrasted with the one proposed by Professor Karapetoff. 
Any one of us familiar with matters of this kind, ean set up the 
equations which express the force between coils as a function of 
the rate of change of mutual induction with respect to coil move- 
ment; but I would like to see the man who can apply it. There- 
fore, while I have the greatest respect for the wholesome and 
healthful effect of Professor Karapetoff’s exhortation on us 
practical engineers toward making our treatment of practical 
problems a little more rigorous (we can improve it much), I 
nevertheless wish to express my sympathy with Mr. Rylander’s 
practical point of view. It is necessary in many eases simply to 
take the larger factors involved (such as, in this case, that the 
foree is proportional to the square of the current) and depend 
upon tests to determine the proportionality factors. 

However, it may be that Mr. Rylander’s equations can be 
improved to this extent: I notice that the formulas written 
down are for steady-state conditions. He simply balances the 
force exerted by the current and equates it to the force due to 
resilience to the coils. 

I should like to eall attention to the fact that this isa transient 
state, therefore, the accelerating force for the mass of the coils 
can not properly be neglected. Possibly if the effect of the mass 
of the coils were taken into account, it might possibly explain the 
discrepancy between the variation with the fourth power instead 
of the third power, as I believe he found in his test. 

K. L. Hansen: In a paper entitled ‘‘The Starting of Poly- 
phase Squirrel-Cage Motors” (JournaL A. J. E. E., Nov. 1923), 
B. F. Bailey discusses the effects of starting squirrel-eage motors 
by auto-starter, by resistance type of starter and by throwing the 
motor directly on the line. He considers the effects from four 
viewpoints: 

1. Effect of starting current upon line voltage. 

2. Affect upon connected apparatus. 

3. Heating. 

4. Power consumption. 

Prof. Bailey has shown that in its effect on the voltage regu 
lation the auto-starter offers practically no advantage over the 
resistance type and little advantage over direct connection 
to the line. This is especially true when it is necessary to use 
the higher voltage taps on the auto-transformer to get sufficient 
starting torque. With reference to possible injury to connected 


machinery, resulting from too rapid acceleration, there may be 


cases where throwing the motor directly on the line is less 
desirable than other methods, but such cases are rare. With 
reference to heating and power consumption Prof. Bailey showed 
that throwing the motor directly on the line is superior to both 
the auto-starter and the resistance type of starter. 

To quote directly from Professor Bailey’s conclusions: 

“In view of the above facts it seems clear that it is entirely 
practicable to dispense with starters for polyphase squirrel-cage 
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induction motors in a great majority of eases. No harm will 
come to the motor. The voltage regulation of the system in a 
majority of cases will be just as good as it was before and will 
be even better in the case of large installations”’........ 

In his timely.and interesting paper Mr. Rylander discusses 
the effects of various methods of starting from another very 
important standpoint, namely, the distortion of the windings. 
As pointed out by Mr. Rylander, the importance of movements 
and vibrations of the coils lies in the fact that they deteriorate 
the insulation, and, if sufficiently severe, will cause insulation 
failure. It, therefore, becomes of interest to observe whether 
or not throwing the motor directly on the line compared favor- 
ably with the auto-starter from this standpoint also. 

One decided disadvantage of the auto-starter, clearly set 
forth in the paper, is that in going from low voltage to line 
voltage it is necessary to disconnect the motor entirely before 
reconnecting it to the line. The author states that during the 
moment of change-over the residual magnetism of the rotor 
induces a corresponding voltage in the stator, ete. This is 
somewhat misleading as by residual magnetism is usually under- 
stood the magnetism which remains in the magnetic circuit by 
virtue of hysteresis after the excitation has been completely 
removed. What he probably means to say is that the flux 
interlinked with the short-circuited winding of the squirrel cage 
cannot be instantly reduced to zero, because the decreasing flux 
induces a current in the squirrel cage tending to maintain the 
flux. 

However, he is right in his conclusion that the voltage induced 
in the stator winding by the revolving flux of the secondary may 
be out of phase with the line voltage at the moment when the 
latter is applied, and that consequently there may be a heavy 
rush of current at this instant. That these large momentary 
currents are very undesirable from the standpoint of shocks to 
the windings is clearly brought out on the sixth page in the 
paper, where we read— 

“Starting motors with full voltage produces a severe strain 
for a short period, whereas the use of an auto-transformer starter 
produces a less severe strain for a longer period and also a 
momentary strain that may be more severe than when starting with 
full voltage. The auto-starter may produce two severe shocks 
on the winding in opposite directions.” ; 

Thus the use of an auto-starter is liable to increase the severity 
of the shocks as well as the frequency with which they occur. 
Prof. Bailey’s conclusion, that starters can be dispensed with in 
the great majority of cases, appears, therefore, to hold equally 
well, or even more so, when the effects of distortions of the 
windings are considered. The fact that auto-starters were used 
in the cases, mentioned by the author, where the insulation 
failed as the result of distortion of the winding, indicates that the 
starter is more of a liability than an asset. 


The conclusions to be drawn from Mr. Rylander’s experiments, 
taken in conjunction with the conclusions reached by Prof. 
Bailey, inevitably present the question, ‘‘Why are auto-starters, 
or compensators used in connection with starting of squirrel-cage 
motors, anyway?’ No doubt itis desirable to reduce the starting 
current as well as to improve the starting torque of squirrel-cage 
motors, but it seems that this’ can be much more effectively 
accomplished by other means than by an auto-starter. Quite a 
number of years ago Boucherot proposed the double squirrel cage 
as a means of obtaining good starting torque, low starting current 
and high operating efficiency. One reason for the slow adoption 
of the double squirrel cage may have been that the older methods 
did not lend themselves readily to this type of construction. 
However, a recently developed process of are welding the rotor 
bars seems to be readily adapted to the construction of the double 
squirrel cage, and there are indications that the immediate future 
developments of squirrel-cage motors may be along this line. 


F. C. Hanker: In connection with Mr. Rylander’s paper, 
it is of particular interest to bring out a phase that has not been 
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discussed. That is the elimination of the control in connection 
with power-house auxiliaries. This has been one of our most 
difficult problems because we have been confronted with sources 
of power far in excess of those usually found in the industrial 
installations. For that reason it has been very desirable to have 
a motor that could be thrown on the line at full voltage with 
satisfactory starting conditions and without control equipment 
other than the feeder oil circuit breaker. 

The bracing of windings in the past has been largely controlled 
by experience in the field, and it is interesting to see the new 
point of attack, to observe the effects more accurately. The 
type of motor with the double squirrel cage gives reduced 
starting kv-a. and is applicable in cases where we are limited in 
the capacity available. In power houses we do not have that 
limitation and on those cases we can use the simple forms of 
motor with lower cost and just as satisfactory installation. 

H. Weichsel: A complete understanding of the forces 
acting on the windings of an induction motor when the machine 
is switched on the line is very important in view of the fact 
that the electrical engineers of many industrial plants are 
advocating the starting of squirrel-cage motors directly across 
the line. The investigation carried on by Mr. Rylander re- 
veals many very interesting points, and in some cases apparently 
contradictory results. In the following an attempt will be 
made to give a physical conception of the forces acting in a 
machine during switching operation. 


For simplicity’s sake, an induction motor with a so-called 
chain winding in the primary member will be assumed. A 
large part of the free ends in such a winding is located parallel 
to the rotor surface. Another part, the so-called straight part 
of the free ends, is parallel to the shaft, as diagrammatically 
shown herewith in Fig. 1 for a two-pole machine. Only one 
- phase of the chain winding is shown. 

- At any instant, the currents in the circular sections, A and B, 
of the free ends flow in the same direction. Therefore, the 
sections A and B will attract each other. The straight parts, 


C and D, of the coils carry currents of opposite directions. 


Therefore, a repelling action will take place between C and D. 
The forces C and D try to bend the coils outward, while the forces 
due to A and B try to move the coilsinward. This assumes that 
a constant direct current is flowing through the winding. How- 
ever, if it is a low-frequency current, then the coil will swing 
periodically, according to the change in the forces acting on the 
coils. If the frequency of the currents is high, the vibration of 
the coils will cease and change into a steady deflection. The 
inertia and spring action of the coils are playing an important 
part in determining which of the two results will be obtained. 
This phenomenon is similar to the well-known fact that the 
deflection of an a-c. dynamometer-type voltmeter is of a vibrating 
nature as long as the currents flowing through the instrument are 
of low frequency and with increasing frequency the swing of the 
needle becomes smaller and smaller and at a sufficiently high 
frequency the needle finally shows a steady deflection. There- 
fore, this example demonstrates a case where either a vibration 
or a definite deflection can be obtained, depending upon the rela- 
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tive relations of the impressed frequency and the natural peri- 
odicity of the deflected member. 

It appears to me that this simple experiment gives an explana- 
tion of the fact that in Mr. Rylander’s tests on the 50-h. p., 
60-cycle motor a steady deflection of the coil was observed, 
while in the tests on the 500-h. p., 25-eycle motor a vibrating 
deflection was recorded. 

In Fig. 1, we had assumed that the overall length of the 
squirrel-cage winding is considerably less than that of the stator 
winding and that, therefore, the current in the squirrel-cage 
endings can not react materially on the free ends of the stator 
winding. 


A. 


<_— 


B 
Die, = B 


Fig. 2 represents a condition where the end rings of the squirrel- 
cage winding are approximately in the same plane with the parts 
A and B of the statorfree ends. The current distributions in the 
ring and in the stator free ends are indicated by the direction and 
shape of the arrows. 

The currents in the ring section A’ and in the stator free ends 
A are in opposite directions and, therefore, a repelling action 
exists between these members. The straight part of the stator 
free ends is parallel to the free ends of the rotor bars and the cur- 
rents in these members are equal but opposed to each other. 
Therefore, a repulsion exists between these parts also. The 
net result is that all parts of the stator winding have a tendency 
to move outwardly, a condition which has been observed in most 
of the tests shown by Mr. Rylander. This outward movement 
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naturally can either take place in form of a vibrating nature or in 
a steady deflection. 

The forces acting on the windings will not vary in magnitude 
as long as the eurrent’s flow remains unaltered. At any moment 
the force acting is proportional to the square of the current. 
During switching operations, transient-current phenomena oceur 
which may produce momentary current flows away above the 
steady current expected from the constants of the machine. 
This heavy transient flow may be the result of one of the two 
following features: 

I. When the motor is at rest, the first current inrush depends 
on the moment at which the motor is connected to the line in 
respect to the voltage wave on the line. 
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2. When the motor has been placed in motion by a supply 
of voltage and is then switched over to a different value of supply 
voltage, a very increased momentary voltage might act on the 
motor windings. 

The case No. 1 is well understood and simply refers to the 
phenomena occurring when a choke coil is connected to an a-c. 
supply. The phenomena No. 2 are not as generally known. 

If a squirrel-cage motor is running, let us say at synchronous 
speed, and the stator winding is suddenly disconnected from the 
line, then a voltage remains across the stator windings which 
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gradually dies out, as given in the oscillogram Fig.3. The reason 
for this remaining voltage is as follows: 

According to the Lenz law, the magnetic field in a motor cannot 
disappear instantly. Therefore, at the moment the line is 
disconnected from the primary winding, currents will be induced 
in the rotor winding which try to maintain the original magnetic 
field of the machine. These are of direct current and gradually 
die out. The velocity with which they die out depends entirely 
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upon the resistance of the secondary winding and the self induc- 
tion of the machine. The decrease of the current and, therefore, 
the decrease of the generating voltage occurs according to the 
well-known logarithmic law, provided the speed of the armature 
remains constant. 

Naturally the speed of the armature decreases gradually when 
the supply is disconnected and, therefore, the frequency of the 
voltage generated in the stator decreases with increasing time. 

Therefore, if the line is reconnected to the motor shortly after 
it has been disconnected, it may occur that at the moment of 
reconnection the voltage generated in the machine is out of phase 
with the voltage impressed on the machine, which results in a 
very heavy current draw at the switching moment. 

Oscillograms Figs. 4, 5, 6, and 7 show the heavy current 
inrushes which may oceur during the switching period. As the 


‘forces produced by the currents are proportional to the square of 


the currents, it follows immediately from these oscillograms that 
the forces at the moment of switching might reach tremendous 
values and act like hammer blows on the windings. 

It may be stated that these forces do not only act on the free 
ends of the windings but also act to produce torque on the rotor 
and ineidently on the stator. I am familiar with cases where 
these torques reached such tremendous values that the stator 
iron shifted in the frame. 

There are not only forces acting on the free ends of the stator 
winding in the manner discussed, but there are also forces acting 
on the free ends of the squirrel-cage winding itself. 


<=— 
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Fig. 8 represents the current distribution in a squirrel-cage 
winding at a given moment for a two-pole machine. The ring 
sections, A’—B’, carry a current of equal distribution flowing in 
the same direction. Therefore, an attraction occurs between 
these two sections, as indicated by the arrows 1 and 2. The 
extensions of the rotor bars, C and D, carry equal currents but in 
opposite directions. Therefore, a repelling force is created be- 
tween these bars. 

If we assume that the currents flowing in the rotor winding are 
direct currents, then the ring will take an elliptical shape under 
the influences of the forces just discussed. Ina polyphase motor, 
the relative current distribution in the rotor bars and rings is the 
same at any moment but the picture of current distribution ro- 
tates. The velocity of rotation in respect to a given point of the 
squirrel cage is proportional to the frequeney of the currents 
flowing in the secondary. Therefore, the end rings on the squir- 
rel cage will successively take shapes as indicated in Figs. 9a 
to 9m inclusive. This periodic deformation of the rings and 
bars is quite likely to lead to a fatigue of the materials and a 
final breakage unless the rings are properly supported to resist 
effectively the forces acting on it. 

In a similar manner, if the stator coils are laced to a circular 
coil-supporting ring, the forces acting on all the windings have 
a tendency to deform the ring into an elliptical shape similar to 
the Figs. 9A to 9m inclusive. In order to counteract this effi- 
ciently, it is advisable to brace the coil-supporting rings in twice 
as many places as there are poles and give these brackets for the 


Feb. 1925 


coil-supporting rings equal spacing. A coil-supporting ring with 
semi-circular cross section and a piece of heavy insulating ma- 
terial on the straight part of the coil-supporting ring has proven 
to be more effective than a circular ring. The coil would touch 
the circular ring in only one point and the unavoidable vibra- 
tion of the coil and ring is likely to wear the insulation through 
in relatively short time, while with the semi-circular ring the 
coil makes more of a line contact than a point contact with the 
supporting ring and, therefore, the possibility of wearing through 
the insulation is materially reduced. 

Mr. Rylander pointed out that the deflection of the stator 
coils depends to a large extent on the length of the free end coils, 
but as the length of the free end coils is closely related to the are 
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spanned by the coils, it is possible to obtain simple empirical 
rules to determine when coil-supporting rings are needed. 

My experience has shown that whenever the coil spans more 
than 8 to 9 in., it is absolutely essential to provide the stator 
winding with coil-supporting rings. The lower figure refers to 
25-ceyele and the larger figure to 60-cycle machines. This is 
explained by the fact that the 25-cycle machines usually have 
finer wire than the 60-cycle machines and, therefore, the coils 
have less rigidity. 

Returning once more to the forces acting on the squirrel cage, 
the part of the bar which is located in the slots is subjected to a 
force due to the leakage lines passing over the bar, as indicated 
in Fig. 10. These magnetic lines have the tendency to push 
the bar inward, 7. e., in the direction towards the shaft. The 
force producing this tendency is proportional to the square of the 
current, 7. e., the force will reach a maximum whenever the 
current is of either positive or negative maximum, as given in 
Fig. 11. If the bar is not secured tightly in the slots, then these 
forces are apt to set the bar in vibration, swinging it around its 
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two points of support on the two end rings of the machine, in the 
same manner as a violin string. This may result in a fatigue 
in the bar material at the point where the bar joins the ring with 
a consequent breakage. It is, therefore, essential to provide 
means to anchor the bars securely in the slots. Such arrange- 
ments can be made, for instance, by driving a wedge between 
the top of the bars and the lips of the rotor slots. 

Mr. Rylander showed in his Fig. 11 that the time decreases 
rapidly with increasing starting voltage. In case the machine 
has to accelerate nothing but an inertia load, it can quite readily 
be proved that the starting time varies inversely to the square 
of the impressed voltage. If, however, a friction load is to be 
started in addition to an inertia load, then the starting time 
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decreases still faster than the inverse of the square of the voltage. 
Therefore, it might quite readily occur that when starting a 
machine under full voltage the heating of the stator coils is 
less than when the same load is started with reduced voltage 
though such starting draws a heavier current than the reduced- 
voltage starting. 

On the other hand, if a motor has sufficient starting torque to 
handle its load with reduced voltage, then the resistance of the 
squirrel-cage rotor could be reduced when full-voltage starting 
isemployed. This would result in an increased running efficiency 
of the machine but also in an increased heating of the stator 
winding during the starting period. : 

Full-voltage starting, therefore, might finally lead to machines 
with somewhat increased running efficiencies by decreasing the 
rotor resistance. If, however, use is made of a decreased rotor 
resistance, the designer will have to safeguard against a saddle 
formation in the speed-torque curve. In other words, the 
machine will have to be designed more carefully. 

J. L. Rylander:- In regard to Mr. Hansen’s comments about 
the auto-starter, it is well to mention that the type of auto-starter 
used was that which opens the circuit momentarily when chang- 
ing from the low-voltage tap to the full-line voltage, as this 
is the most severe condition of the various auto-starters; and 
it was used for the purpose of finding out what happens when 
the circuit is opened momentarily before applying full voltage. 


Current 


—Time 


ida, 1 


In regard to Mr. Weichsel’s comments about the physical 
conception, I think the best physical conception is to keep in 
mind that like currents attract and opposite currents repel. 
We know the direction of the current and therefore we know the 
reactions. 

In regard to Professor Karapetoff’s remarks about theformulas, 
it should be added that the purpose of the formulas is to show 
the main factors involved and use them in conjunction with tests, 
or the known conditions of certain motors to which comparisons 
can be made. There are four main factors: 

1. The shape of the coil. 

2. The spacing. 

3. The current. 

4. The length between supports. 

The shape of the coil is fairly constant and the coil movement 
is directly proportional to it; the spacing is fairly constant and 
the coil movement is inversely proportional to it. But these 
two points are not the dominating factors. The coil movement 
varies according to the square of the current, which varies con- 
siderably in the different motors, varying anywhere from four 
to ten times the full-load current. But the dominating factor 
is the length, which varies as the third or fourth power. For 
practical purposes, the main factors are sufficient and the best 
way is to use them in connection with that which is known. 

We can watch any motor that we are acquainted with as it is 
started on the 50, 65 or 80 per cent voltage tap. Then if we . 
compare that with the formulas, we can about tell what will 
happen when full voltage is applied. Or if we want to compare 
windings that are similar except for length, it is a matter of 
eomparing the length of the coil extensions. 
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Another New Self-Excited Synchronous Induction 
Motor 


BY VAL. A. FYNN* 


Fellow, A. I. E. E. 


Synopsis.—One form of self-excited synchronous induction 
motor was described by the same author in a paper presented at 
the Spring Convention of the A. I. EH. E., Birmingham, Ala., the 
present contribution describes a second form of such a motor. 
The starting, synchronizing, synchronous load and asynchronous 


N a paper read at Birmingham, Ala., at the 1924 
Spring Convention of the A. I. E..E., the writer 
described the motor diagrammatically shown in 
Fig. 1, and dealt fully with the theory of this machine 
during the starting, the synchronizing, the synchronous 
load and the asynchronous overload periods. It will 
now be shown how even better results can be achieved in 
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another way. In order to positively and readily 
differentiate between the two motors, let us refer to 
that shown in Fig. 1 as ‘“Form No. 1” and to that here 
dealt with, as “Form No. 2.” 

British Patent No. 3227 of 1913, issued to Crompton 
& Burge, relates in the main to synchronous motors 
and indicates among other things, and quite generally, 
a very interesting arrangement of windings and brushes 
which by proper modification and proportioning can, 
as hereinafter described, be used to cause the unidirect- 
ional excitation of such machines to increase with in- 
creasing motor load in a practically useful manner. 
The arrangement in question is applicable to single, as 
well as to polyphase, self-excited synchronous motors 
and is diagrammatically shown in Fig. 2; its theory, as 
. the writer sees it, can be stated in a few words. 

In the two-pole embodiment shown in Fig. 2, the 
revolving member is the primary, and carries a winding 
2, connected to a commutator and capable of being 

*Consulting Engineer & Patent Advisor, St. Louis, Mo. 
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overload periods are analyzed with special reference to the syn- 
chronizing torque, the automatic compounding and the weight 
efficiency, and it is shown that this second form is not only capable 
of duplicating the performance of the first form but of bettering 
same. 


connected to an alternating current supply by means of 
a suitable number of slip-rings such as 8, 9. In the 
figure the commutator is not shown and the brushes 
cooperating with same are supposed to be resting 
directly on the commuted winding. The same clarify- 
ing expedient is used in all the other figures. There 
are two sets of brushes 4, 5 and 6, 7, located along axes 
displaced by 90 electrical degrees. The stationary 
member carries two coaxial windings 11 and 12, located 
in the axis of the brushes 6, 7. The winding 11, is 
connected to the brushes 4, 5, the winding 12 to the 
brushes 6,7. The British patent states that the voltage 
at the brushes 6, 7 is dependent on the cross flux which 
is approximately proportional to the primary armature 
reaction A R. Winding 11 is referred to as the “shunt” 
and winding 12 as the “compounding” winding. It 
will be shown that these terms do not correctly describe 
the functions of the windings 11 and 12, yet, provided 
this is understood, they will do as well as any others 
and will be used hereafter. 


Fie. 2—Cromrtron-BurGE ARRANGEMENT OF HXCITING AND 
CoMPouNDING CrrcuITS FOR SgELF-ExciTED SYNCHRONOUS 
Motors 


During the synchronous operation of the machine 
shown in Fig. 2, the voltages appearing at the brushes 
4, 5 and 6, 7 are both unidirectional and their mag- 
nitudes depend on the magnitude and space location 
of the unidirectional resultant motor magnetization 
R. One component of this resultant magnetization is 
F which is due to the arithmetical sum of the unidirec- 
tional ampere-turns in 11 and 12, its other component 
is the unidirectional primary or armature reaction 
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A FR whose magnitude and space position vary with the 
load and the power factor of the motor. At no-load 
R may be made to nearly coincide with F. As the 
load increases the angular displacement c between R 
and F increases. In the case of Fig. 2, where the 
primary is supposed to revolve counterclockwise, 
F is stationary in space and R moves further and further 
away from F as the load increases, progressing in a 
direction opposed to the rotation of the primary and 
successively occupying the positions R’, R’, R’” and 
soon. When the primary is stationary, both F and R 
revolve synchronously; with increasing load, F moves 
away from R in a direction opposed to the rotation of 
the secondary. At no-load the unidirectional voltage 
at the brushes 4, 5., is therefore nearly a maximum 
and it decreases with increasing load. The unidirec- 
tional voltage at the brushes 6, 7 is nearly zero at 
no-load and increases as the load increases. The 
question arises, can these conditions be utilized in 
order to secure a satisfactory automatic regulation of 
the unidirectional excitation of the motor throughout 


Fig. 3—Sexnr-Excirep Syncuronovus Inpuction Moror, 
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its load range? If so, then can a motor embodying 
‘this type of automatic regulation be made to show an 
acceptable starting, synchronizing and overload per- 
formance? What can be done in these respects will be 
explained in connection with Figs. 3 and 9. 

The three-phase, two-pole motor shown in Fig. 3 is 
a self-excited, synchronous induction motor of Form 2. 
The primary revolves and carries a winding 2 adapted 
for connection to the three-phase supply P., Po», Ps 
through the slip-rings 8, 9, 10,and a commuted winding 
3 with which the brushes 4, 5 and 6, 7 located along 
axes displaced by 90 electrical degrees cooperate. 
stationary member, here the secondary, carries the 
“shunt”? and “compound” windings 11, 12 located in 
the axis of the brushes 6, 7 and the auxiliary winding 
13 located in the axis of the brushes 4,5. The “shunt” 
winding is connected to the brushes 4, 5 through the 
adjustable resistance 14 and can be shunted by the 
adjustable resistance 16. The “compound” winding 
is connected to the brushes 6, 7 through the adjustable 
resistance 15 and can be shunted by the adjustable 
resistance 17. The circuit of the winding 18 can be 
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closed over the adjustable resistance 18. The windings 
11 and 12 are connected to magnetize in the same 
direction, as shown by the arrows placed alongside 
these windings. The arrow A R indicates the general 
direction of the primary armature reaction. 

_ The auxiliary winding 13, together with the exciting 
windings 11 and 12, form a polyphase, here two-phase, 
arrangement of windings on the secondary and the 
machine can, therefore, be very readily and most 
effectively started, just like a polyphase slip-ring 
induction motor. In order to facilitate this starting, 
as well as to gain other advantages, the magnetic 
circuit is built exactly like that of an ordinary induction 
motor, without polar projections on rotor or stator 
and with a very small and uniform air-gap. 

In the case of small machines the shunting resistances 
16 and 17 can be omitted and one or both of the wind- 
ings 11 and 12 closed over the commuted winding 2 
for use in connection with the winding 13 at starting. 
The torque is regulated by suitably adjusting the 
resistances 14, 15 and 18. These resistances are 
manipulated in exactly the same manner as those in 
the secondaries of an induction motor. In the case 
of larger motors, or where small ones have to deal with 
particularly severe starting conditions, the windings 11 
and 12 are closed over the resistances 16 and 17 and the 
values of the resistances 14 and 15 are kept high during 
the starting period in order to protect the commutator 
from the starting currents. When synchronism is 
nearly reached, the winding 18 is left short-circuited, 
but if they have been used the resistances 16, 17 are 
disconnected and the resistances 14, 15 set to their 
synchronizing or operating values. 

The revolving flux F’, produced by the polyphase 
currents in the primary, always revolves at synchronous 
speed with respect to the primary and, hence, to the 
commuted winding 8. As the motor starts, the primary 
moves in a direction opposed to that in which F’ 
revolves. Since F'’ must continue to revolve syn- 
chronously with respect to the primary, its speed in 
space, for instance with reference to the secondary 
windings 11, 12, 18, must diminish as the rotor speed 
increases. Now the revolution of F’ with respect to ~ 
the secondary windings generates voltages therein, 
the frequency and magnitude of which diminish with 
increasing rotor speed, both frequency and magnitude 
becoming zero when the rotor reaches synchronism. 
These voltages are responsible for the induction 
motor torque-producing currents in the secondary 
windings and cannot synchronize the motor because 
they approach zero as the rotor speed approaches the 
synchronous. The amplitude of the voltages generated 
by F’ in the commuted winding 3 remains constant 
as long as F’ is constant because F'’ always revolves 
synchronously withrespectto3. Thevoltages generated 
in 8 are collected by the brushes 4, 5 and 6, 7. The 
amplitude of the brush voltages is, therefore, constant 
but their frequency depends on the speed with which F’’ 


66 FYNN: SELF-EXCITED SYNCHRONOUS INDUCTION MOTOR 


moves relatively to said brushes and therefore decreases 
as the rotor speed increases, becoming zero when the 
rotor reaches synchronism because F’ is then at a 
standstill. 

During the synchronizing period the windings 11 and 
12 are not shunted and are connected to the brushes 
cooperating with the commuted winding. As the 
induction-motor-torque-producing currents in the 
secondary windings diminish, the currents due to the 
slip-frequency brush voltages in the windings 11 and 
12 increase, because of the constant amplitude and 
diminishing frequency of said voltages. These brush 
currents react with F’ and produce a synchronizing 
torque which brings the rotor into synchronism. 

As soon as synchronism is reached the brush currents 
become unidirectional and provide the unidirectional 
excitation of the machine through the agency of the 
windings 11 and 12. As the load changes so does the 
location of the resultant motor magnetization R 
change with respect to the axes of the brushes, thus 
changing the brush voltages. During synchronism, 
the winding 18 is idle. 

When the torque demand is in excess of the maximum 
synchronous torque of which the motor is capable, 
the rotor slips out of synchronism and continues to 
run asynchronously, the windings 11, 12 and 18 again 
doing duty as polyphase secondaries of an induction 
motor. Under these conditions the. synchronizing 
torque reappears. 

Such in a general way is the mode of operation of 
the motor, Fig. 3. After what has been said, there can 
be no difficulty about the conditions to be fulfilled in 
order to secure a good starting performance. The 
only question is how are the windings 3, 11 and 12 to 
be dimensioned in order to secure a sufficiently powerful 
synchronizing torque and a good compounding 
characteristic. 

To solve the compounding problem it is necessary 
to divorce one’s mind from the idea that 11 is a true 
shunt and 12 a true compounding winding, and that 
the voltage at the brushes 6, 7 varies proportionately 
with the armature reaction. As a matter of fact, 
increasing load causes the ampere-turns in 11 to dimin- 
ish and those in 12 to increase. If a compounding 
action is to be secured the ampere-turns in 12 must 
increase much faster than those in a true compounding 
winding would be called upon to increase with increasing 
load. 

Assuming that the motor of Fig. 3 is given the same 
general design constants as that of Fig. 1, it will be 
interesting to determine whether or not the performance 
of the motor of Form 1 can be approached or duplicated 
by that of the motor of Form 2. 

In Fig. 45 of the author’s A. I. E. E. paper entitled 
“A New Self-Excited Synchronous Induction Motor” 
are given performance curves of a Form 1 motor when 
designed to produce a certain maximum unidirectional 
excitation and to operate with its brushes 7, 8 (see Fig. 
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1 of the present paper), displaced by 6 = 20 electrical 
degrees from the resultant unidirectional magnetization 
F produced by its secondary windings 9and12. Witha 
motor of Form 2 one is able to absolutely duplicate 
the compounding performance of Form 1. In case 
the brushes of Form 1 are displaced by 6 degrees, 
this duplication is achieved by so dimensioning 
the circuits of the windings 11 and 12 of Fig. 3 
that when the angular displacement c between F and R 
is zero the ampere-turns in 11 are proportional to 
sin 6, that when c = 90 degrees the ampere-turns in 12 
are proportional to cos 6, and that for any value of c 
the arithmetical sum of the ampere-turns in 11 and 12 
of Fig. 3 is equal to the vectorial sum of the unidirec- 
tional ampere-turns of Fig. 1. In Fig. 1, when a = 6 
then R coincides with F and c = O. In Fig. 3 R co- 
incides with F when ais zero. Fig. 4 shows the prim- 
ary current 71, the power factor cos @; and the exciting 
ampere-turns M of the Form 2 motor shown in Fig. 3, 
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when the “shunt” and the “compound” windings 
are dimensioned as just specified. It is seen that 
the primary current always has a very acceptable 
value although the power factor is leading almost 
throughout the synchronous operation of the ma- 
chine, and that the performance of this Form 2 machine 
at synchronous speed is indeed identical with that of 
Form 1. ; 

The commuted winding must be dimensioned with 
an eye to commutation and to the value of the voltages 
generated in 11 and 12 at the momentofstarting. Both 
considerations lead to the selection of a low brush 
voltage. Values of 10 to 30 volts will in most cases 
answer the purpose. It should be noted that at 
no-load, practically all of the exciting current is supplied 
through the brushes 4, 5 which then stand near the 
neutral in so far as the resultant motor magnetization 
R is concerned. At full load it is the brushes 6, 7 
which carry practically all of the exciting current and 
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at that. time these brushes also stand near the neutral 
as referred to R. | 

Turning to the synchronizing possibilities of Form 
2, it is seen that at subsynchronous speeds the phase 
of the brush voltage e. appearing at the brushes 6, 7, 
(see Fig. 5), is the same as that of the voltage generated 
by the primary revolving flux F’ in the winding 12 to 
which the brushes 6, 7 are connected whereas e,; appear- 
ing at the brushes 4, 5 is in phase quadrature with the 
voltage generated in 11. For these reasons, the brush 
current conducted into 12 will react with F’ to produce 
a unidirectional and pulsating torque while the brush 


Fig. 5—SHOWING HOW THE SYNCHRONIZING TORQUE IS 
Propucep IN Form No. 2 Motor 


current conducted into 11 is responsible for a double- 
slip frequency torque with equal positive and negative 
maxima. How these torques come to be unidirectional 
and of double frequency can be recognized with the 
help of Fig. 5. 

If the primary member of the motor revolves coun- 
terclockwise, it is because the primary flux F’ revolves 
clockwise. The difference between the speeds of F’ 
and of the rotor is equal to the slip of the latter. F’ 
moves synchronously. In Fig. 5, the flux F’ has 
traveled a deg. from its position of coincidence with 
the axis of the brushes 7, 6, which position is that from 
which ais measured. For all values of a between zero 
and 180 deg., the brush voltage e is of thesame direction. 
Tobeable to speak of this direction as positive or neg- 
ative, let it be assumed that the direction which e, has in 
normal synchronous operation is the negative one. The 
normal synchronous conditions are shown in Fig. 6 for 
both brush voltages and indicate that for values of a be- 
tween zero and 180deg.e,isnegative. Reference to Fig. 
5 shows that for values of a between 180 and 360 deg. 
é, must then be positive. This result has been plotted 
in Fig. 7 on the simplifying assumption adhered to 
throughout this paper that all voltages, currents and 
fluxes vary according to the sine or cosine law. The 
curve é, can also represent the current conducted into 
the winding 12 since at the very low brush 
voltage frequency existing near synchronism there is 
practically no phase difference between voltage and 
current. The current scale may, of course, differ from 
the voltage scale. The brush voltage e, and the 
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corresponding brush current are always proportional 
to sine a. The other factor determining the magnitude 
of the synchronizing torque is that component of F’ 
which is at right angles to the axis of the winding 12. 
This component is F’ X sin a and the resulting positive 
torque 71. is, therefore, proportional to sine? a. 
It is unidirectional and pulsating, becoming zero 
whenever the axis of F’ coincides with the axis of the 
brushes 6, 7 and remaining positive because the polarity 
of F’ with respect to 12 changes concurrently with that 
of e,. The maximum amplitude of this torque is 
proportional to the maximum conduced ampere- 
turns in 12. For the conditions yielding the perform- 
ance curves of Fig. 4, the maximum unidirectional 
ampere-turns in 12 are proportional to cos 20 deg., 
which makes the maximum amplitude of T,_1. of 
Fig. 7 proportional to cos 20 deg. 

Turning now to the brush voltage e; appearing at 
the brushes 4, 5 and impressed on the secondary 11. 
By reference to Figs. 5 and 6 it is clear that when 
a = 0 the voltage e, is at a negative maximum and 
becomes zero when a = 90 deg. Curve e; of Fig. 7 
shows its variation throughout a cycle, e; is in phase 
quadrature to e, and is always proportional to cos a. 
Therefore, the brush current due to e; is also propor- 
tional to cos a and reacts to produce torque with that 
component F’ x sina of F’ which is perpendicular 


Fig. 6—SHOWING THE SYNCHRONOUS DISTRIBUTION AND 
DIRECTION OF THE UNIDIRECTIONAL AMPERE-TURNS IN FoRM 
No. 2 Motor 


to the axis of 11. The resulting torque 7,_1; is pro- 
portional to F’ x sina X cosa and is of double slip 
frequency becoming zero whenever F’ coincides with 
the axis of the brushes 4, 5 or with that of the winding 
11. For the conditions yielding the performance 
curves of Fig. 4 the maximum unidirectional ampere- 
turns in 11 are proportional to sin 20 deg. which makes 
the maximum amplitude of 71; of Fig. 7 proportional 
to 14 sin 20 deg. 

’ The actually available synchronizing torque is the 
resultant 7, of 7,—1: and 7,12 of Fig. 7 and it is clear 
that this resultant is substantially unidirectional and 
therefore highly desirable. It will produce rapid and 
positive synchronization without tendency to hunt 
and will not interfere with the asynchronous overload 
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stage of the motor’s operation to reduce its maximum 
asynchronous torque. 

It is seen that by making the maximum ampere- 
turns in 12 greater than the maximum ampere-turns 
in 11 it is possible to secure a desirable compounding 
characteristic as well as very favorable synchronizing 
torque conditions. Here again we find no conflicting 
requirements to embarrass the designer. 

Since the winding 11 does not materially contribute 
to the synchronizing torque when connected to the 
brushes 4, 5, its circuit need not be closed at that stage 
and it can also be left open at starting. However, 


Fig. 7—SyYNCHRONIZING VOLTAGES AND TORQUES IN FYNN 
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material increase in synchronizing torque can be 
secured by temporarily connecting 11 to the brushes 
6, 7 and in parallel with 12. To this end, that terminal 
of 11 which is normally connected to brush 5 is con- 
nected to brush 7 and the other to brush 6. This results 
in a 32 per cent increase in the maximum amplitude 
of the resultant synchronizing torque. Another 
way to increase this torque is to dimension 12 for a 
maximum number of ampere-turns in excess of that 
required for compounding purposes, reduce these 
ampere-turns to the desired compounding value by 
means of the resistance 15 and reduce this resistance to 
zero during the synchronizing period. 

It has already been stated that Form 1 motor of 
Fig. 1 performs, in synchronous operation, as indicated 
by the curves of Fig. 4 when the resultant unidirectional 
magnetization in the motor of Fig. 1 is displaced by 
20 electrical degrees with respect to the axis of the 
brushes 7, 8 of said motor, and its maximum value 
equals the maximum arithmetical sum of the magnetiza- 
tions produced by the windings 11 and 12 of Form 2 motor 
of Fig. 3. To satisfy these conditions, the maximum 
ampere-turns (disregarding saturation) in windings 
9 and 12 of Fig. 1 must be proportional to sine 20 deg. 
and cos 20 deg. respectively, which means that these 
ampere-turns are the same as the maximum ampere- 
turns in windings 11 and 12 of Fig. 3. With this 
information, the curves in Fig. 8 can at once be plotted. 
The curve e in Fig. 8 must be identical as to phase 
and magnitude with curve e, in Fig. 7, since the ma- 
chines are identical except for the arrangements and 
dimensioning of the secondary windings and the num- 
ber and location of brushes on the commutator. The 
brush current conducted into the winding 9 of Fig. 1 
must yield a double-slip frequency torque 7’,» because 
of the quadrature relation between the axes of its 
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brushes 7, 8 and of its winding 9. The maximum 
amplitude of this torque is % sine 20 deg. and it is 
therefore identical with 7,11 of Fig. 7 except as to sign. 
The winding 12 of Fig. 1 yields a strictly unidirectional 
torque proportional to sine? a withamaximum amplitude 
proportional to cos 20 deg. This maximum amplitude 
corresponds with the maximum of e. Torque 7.12 
of Fig. 8 is, therefore, identical with torque 7,12 of 
Fig. 7 as to direction, magnitude and configuration. 
Part of the resultant synchronizing torque T',, is dotted 
into Fig. 8 and is clearly identical with the resultant 
synchronizing torque of Fig. 7. In both cases it occurs 
for the same value of c. The amplitude of the neg- 
ative wave of TJ, is less than 3 per cent of the 
positive one and the latter lasts eight times as long as 
the former. It is certainly true to say that T, is 
substantially unidirectional. 

The very interesting conclusion is thus reached that 
the synchronizing performance and the synchronous 
characteristics of a motor of Form 1, see Fig. 1 or any 
of its modifications, can be absolutely duplicated by the 
motor of Form 2 shown in Fig. 8. No demonstration 
is necessary to convince anyone that the starting 
performance of these two machines can be made 
identical. If the asynchronous characteristics and the 
synchronizing torques are identical then the asyn- 
chronous overload performance of the two machines 
must also be identical. 

But while Form 2, Fig. 3 can do everything that 
Form 1 Fig. 1 can accomplish, the converse is not true. 

It has been pointed out that the synchronizing torque 
of Form 2 could be materially increased by temporarily 
connecting winding 11 to the brushes 6, 7. For the 
compounding characteristic shown in Fig. 4,. this 
change results in an increase of 32 per cent in the resulting 
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synchronizing torque. To duplicate this advantage 
it would be necessary to temporarily displace the 
brushes of Form 1 so as to bring their axis into coinci- 
dence with the resultant magnetization produced by 
the windings 9 and 12, a proceeding which is not as 
practical as a simple change of connections. 

But Form 2 also permits of a wider range of variation 
in so far as the compounding characteristic is concerned 
for the reason that said characteristic can be influenced 
in at least three ways. The ratio of the maximum 
ampere-turns in 11 and 12 can be varied as explained 
or by changing the value of e, relatively to that of é». 
This is, for instance, achieved by spacing the brushes 
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of one set differently from those of the other. A still 
wider variation can be brought about by disturbing 
the quadrature relation of the two sets of brushes or 
displacing both sets from the position shown in Fig. 
3 but without disturbing their quadrature relation. 

In the arrangement shown in Fig. 9 the brushes 4, 
5 are so placed that e; is less than the maximum at 
noload and does not reach zero at full load, while the 
brushes 7, 6 are so located as to make e, negative at 
no load and positive at full load. The result is that the 
magnetizations due to 11 and 12 oppose each other at 
noload and cooperate at full load. No doubt, this 
example will suffice to indicate the wide range of 
_ possibilities afforded by the self-excited synchronous 
induction motor of Form 2 as illustrated in Figs. 3 
and 9. In all cases one secret of success lies in the 
proper proportioning of the windings 11 and 12 with 
respect to the limits within which the two brush 
voltages vary in synchronous and nearly synchronous 
operation. 

The displacement of the brushes from the basic 
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position shown in Fig. 3 also has a bearing on the 
magnitude and configuration of the synchronizing 
torque. Just how this torque is affected can readily 
be stated in general terms. When the axis of the 
brushes cooperating with the commuted winding on 
the primary and collecting the synchronizing voltage 
coincides with the axis of the secondary winding to 
which said brushes are connected, then the resultant 
‘synchronizing torque is unidirectional and pulsating. 
When said axes are displaced by 90 electrical degrees, 
in other words, when the phase of the brush voltage 
conductively impressed on a secondary winding differs 
by 90 degrees from the phase of the voltage gener- 
ated in said winding by the synchronously re- 
volving primary flux F’, then the resultant syn- 
chronizing torque is alternating, of double slip fre- 
quency and, all-other conditions being equal, of half 
the amplitude of the pulsating torque. For an inter- 
mediate position of the axes under reference the result- 
ing torque has one unidirectional and pulsating and 
one alternating, double slip frequency component. 
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The nearer the brush and winding axes approach coinci- 
dence the larger the unidirectional and the smaller the 
alternating torque component. It follows that the 
more the quadrature relation between brush axis and 
winding axis can be departed from the better for the 
resulting synchronizing torque. This consideration 
at once shows one more advantage of the arrangement 
of brushes shown in Fig. 9. 

In so far as the compounding characteristic is 
concerned, the windings 11 and 12 must be dimensioned 
with reference to the maximum brush voltages available 
within the limits of synchronous operation. These 
limits are determined by the travel of R under the 
influence of increasing load. The measure of this 
travel is the angle c of Fig. 6. The maximum value of 
e can usually be made to approach 90 electrical degrees. 
Reference to Fig. 9 at once shows that, for any value of 
c up to 90 degrees, the maximum brush voltage available 
within the limits of synchronous operation can very 
well be less than the actual maximum. But the 
actual maximum brush voltage is always available 
at subsynchronous speeds. when F’ travels with 
reference to the brush axes and it is seen that this 
condition is also a factor in determining the obtainable 
amplitude of the synchronizing torque, in this new 
motor it makes the brush voltage partially effective for 
compounding and fully effective for synchronizing 
purposes. 

It will be noted in Fig. 9 that only part of each of the 
windings 11 and 12 is adapted to be shunted or short- 
circuited during the starting operation. Together 
with the winding 18, one or both of these shunted parts 
form a two-phase arrangement of windings. Any. 
other combination of windings which. provides a 
polyphase arrangement of windings on the secondary 
located in inductive relation to the primary can be 
used in order to insure the starting and the asynchro- 


‘nous overload operation of this motor, which particular 


one is chosen largely depends on the conditions under 
which the machine is to operate. 

While the embodiments of this new motor chosen for 
description all have a revolving primary and a sta- 
tionary secondary, it will be understood that the func- 
tions of stator and rotor may be reversed without in 
any way changing the underlying principles of operation 
and design. 


In view of misunderstandings which have already . . 


occurred, and in order to forestall further questions, 
it should be stated that the author’s inventions relating 


_to synchronous induction motors are held by two 


entirely independent interests, one of which owns all 
but that covered by U. S. P. 1,337,648. 


Discussion 
C. F. Scott: The motor described by Mr. Fynn appears a 
sort of an extension of the motor deseribed by Mr. Weichsel, 
probably with improved performance, but with some sacrifice of 
simplicity in construction. 
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Both are excellent from the standpoint of the inventor and de- 
signer, but after we get through with it all, what is it good for? 
It is good for improving power factor. And is it worth while to 
improve power factor? Is it worth while to the customer? 
Should he pay more for a motor in order to get a higher power 
factor? What he wants is power output. To make a less simple 
or more expensive motor attractive to him there must be induce- 
ment. That inducement probably must come through better 
rates for service or other advantages. Then comes the question 
as to whether this is the best way to improve power factor :— 
there are condensers of one kind or another and there are other 
types of synchronous motors and so on. The best way will 
probably again depend upon the size of motor, and conditions of 
the particular supply circuit, and the like. So we encounter a 
large and complicated economie and commercial problem of 
what is the right and best thing to use in different cases. 

But from the standpoint of electrical engineers and of new 
developments in the art, it seems to me that both of these motor 
papers can be commended as a splendid move toward overcoming 
certain difficulties. Their successful application will depend on 
meeting certain questions in the commercial field and on the 
inducement given for the raising of power factor by the customer. 

L. M. Perkins: If you take the simple Fynn-Weichsel motor, 
having a single field winding, and a single set of brushes, you may 
obtain any type of synchronizing torque, as it is ealled, from the 
double-frequeney torque having equal positive and negative 
maximums, to the double-frequeney torque which has azero nega- 
tive with a large positive maximum, and is designated by 
Mr. Fynn as the continuous positive torque. 

If the brushes are shifted off from a 90-deg. position with the 
field winding, the torque has a so-called constant component 
added to the double-frequency component, until the brushes 
reach the point where they are in the same line as the stator 
winding where the constant torque has such a value that the total 
torque does not become negative but reaches zero. In between 
these two limits, there is a large range of ratios between the con- 
stant torque and the double-frequency torque. The addition of 
another set of brushes and another winding increases, of course, 
the constant torque and adds the double-frequency torque at 
some angle vectorally, which will increase the double-frequency 
torque over what it was before. The net result, however, is 
simply constant torque plus the double-frequeney torque, 
which is what was secured with the simple winding. If it is 
desired to inerease the total amount, that is easily done by chang- 
ing the resistance of the field winding. 

As long as the field windings, which are connected to brushes, 
are all in one axis it is impossible to vary the ratio between the 
constant torque and the double-frequency torque beyond the 
range of ratios that may be secured with the single set of brushes 
and single winding. This is true regardless of how the angle of 
the brushes with each other or with the field windings is varied. 

V.A.Fynn: The suggestion that the theory of this machine 
be gone into more thoroughly will, I think, be fully met by the 
addition of a couple of circle diagrams. The synchronous 
operation of my Form 2 motor is fully discussed in paragraph four 
of my paper, but the circle diagrams will, no doubt, add to the 
value of the record. The starting and synchronizing periods are 
exhaustively dealt with in my paper, the former in paragraphs 
5,6 and 7, the latter in paragraphs 8 to 24 inclusive. 


The presence of the two pairs of brushes shown in Figs. 3 and 9 
gives the designer possibilities of varying the compounding and 


the synchronizing characteristics of motors of this type not. 


available in my Form 1 motor, which is that described by Mr. 
Weichsel in his paper ‘“‘A New A-C. General-Purpose Motor” and 
commercially known as the Fynn-Weichsel. 

In my Form 1, there is but one set of brushes and the com- 
pounding as well as the synchronizing characteristics depend 
first, on the angular displacement of the axis of this one set of 
brushes from the axis of the conduced ampere-turns on the 
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secondary and second, on the conduced ampere-turns per volt, 
in other words on the number of turns and on the resistance of 
the secondary winding or windings which are connected to the 
brushes. There are but two ways of varying the compounding 
or the synehroniziug characteristics, one is to change the afore- 
said angular relation, the other is to change the ampere-turns 
per volt of the secondary windings. 

In my Form 2 motor, the characteristics in question can be 


~. ¥ Leading 
soy 


~ 


varied by changing the angular relation between either brush set 
and the axis of the secondary ampere-turns, by changing the 
angular relation between both brush sets and the secondary 
ampere-turns and by changing the ampere-turns per volt of one 
or of both windings on the secondary. In addition, the maximum 
brush voltage can be made available for synchronizing without 
being available in synchronous operation. 

Referring to the synchronous operation, let it be supposed that 
the brushes are located as shown in Fig. 3 and that the maximum 
ampere-turns in winding 12 are greater than the maximum 


ampere-turns in winding 11. To construct a circle diagram for 
these conditions, refer to Fig. 1 herewith and assume that R is 
the resultant motor magnetization in synchronous operation and 
that it lags 90 deg. behind the terminal voltage H;. Further 
assume that Ris stationary and that all the brushes, together with 
the windings 11 and 12 to which they are connected, are moved 
through 180 deg. while retaining their correct relative positions. 
Knowing that the magnitude of the voltage at any pair of 
brushes, and therefore the magnitude of the ampere-turns in the 
secondary winding to which they are connected, depend on the 
angular displacement between R and the axis of said brushes, we 
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ean at once determine the positions for which the ampere-turns in 
11 and 12 reach amaximum. When the axis of the brushes 6, 7 
is at right angles to R the ampere-turns in 11 are zero and those 
in 12 a maximum. The vector 0-16 of Fig. 1 herewith shows 
location and magnitude of the maximum ampere-turns in 12. 
As the angular displacement between 6, 7 and R changes the end 
of the vector measuring the ampere-turns in 12 describes a circle, 
the center p of which is located half way along 0-16. The circle 
Iy2 is the locus for the ampere-turns in 12. Similarly, when the 
brushes 4, 5 are at right angles to R, which occurs when the 


/ 
/ 
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brushes have moved 90 deg. from their first position, the ampere- 
turns in the winding 12 are zero and those in 11 become a maxi- 
mum and are represented by the vector 0-23 at right angles to 
0-16. The locus for the ampere-turns in 11 is the circle Ly 
about the middle point g of 0-23 as center. But we are, at each 
instant, interested in the arithmetical sum of the ampere-turns 
in 11 and 12, this sum must always be coaxial with the windings 
11 and 12 and must, therefore, be measured by a vector coinci- 
ding with the axis of the brushes 6, 7. For the angular displace- 
ment of & and the brush axes specifically illustrated in Fig. 1, 
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the vector 0-25 measures the ampere-turns in 11, the vector 
0-26 those in 12 and 0-15 is the sum of the two. The vector 
0-15 represents the secondary unidirectional magnetization F. 
The locus for F is the circle L with center at m, which center is 
found as the intersection of the perpendiculars on 0-16 and 0-23 
at p and q respectively. The synchronous torque T is always the 
projection of F on the perpendicular to R. Zero torque occurs 
at point 23, maximum torque is reached at point 24. The 
primary current 7 is measured by R-15 and the primary phase 
angle by the angular displacement of 7 from n which is a parallel 
to #; through the end of the vector R. 

Fig. 2, herewith, shows the corresponding circle diagram for a 
ease such as that illustrated by Fig. 9 of the paper. The selected 
brush displacements are those shown in Fig. 3 herewith and the 
ampere-turns per volt in the winding 11 differ from those in the 
winding 12. Again assuming R and #; to be stationary and 
moving brushes and windings counterclockwise, when the latter 
have moved through 6; deg. from the position in which F coin- 
cides with R, the ampere-turnsin 12 are zero. After a movement 
through (90 + 61) deg. the ampere-turns in 12 are a maximum 
and measured by the veetor 0-16. The locus for the end of the 
vector measuring these ampere-turns is the circle Li. with center 
at p, midway on 0-16. After a movement through only 
(90 — 62) deg. the ampere-turns in 11 are a maximum and 
measured by the veetor 0-27. The locus for the end of the vector 
measuring these ampere-turns is the circle £11, with center at q 
midway on 0-27. ‘To find the locus for F, which is the sum of 
the ampere-turns in 11 and 12, consider any two quadrature 
positions of the system of brushes. When F coincides with R 
the resultant secondary ampere-turns are the arithmetical sum 
of the vectors 0-30 and 0-31 of which the latter is negative. In 
this case F is represented by the vector 0-23. After the brushes 
have been moved through 90 deg. the ampere-turns in 11 are 
0-29 and those in 12 are 0-28, their arithmetical sum F is 0-32. 
The locus for the end of the vector F is a circle L passing through 
the points 23, 0 and 32, which makes it easy to find the center m 
of this cirele. For the rest this diagram is the same as that 
shown in Fig, 1. 

My self-excited synchronous induction motor Form 2 is inter- 
esting from two points of view. It is quite independent of my 
Form 1, known under the trade name Fynn-Weichsel motor, and 
is not only capable of duplicating the performance of my Form 1 
but of excelling same, for it has very useful characteristics not 
possessed by the latter. 


Artificial Representation of Power Systems 


BY: H. H. SPENCER! 
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Synopsis.—The size and complexity of present-day power 
systems have increased to the point where the prediction of the 
behavior of the system by analytical methods 1s more and more 
difficult. The solution of commercial networks by Kirchhoff’s Laws 
or by cut and try methods, even with the help of star-delta trans- 
formations, leads to such involved equations that the need for simpler 
methods is keenly felt. Increasing attention has been given to 
various methods of representing power systems in miniature so that 
an experimental solution may be substituted for an algebraic one. 

The d-c. short circuit calculating table is a satisfactory and 
relatively simple means of determining short circuit currents in net- 
works, but is too inaccurate to give satisfactory solution under normal 
operating conditions. 

An a-c. artificial representation of power networks in miniature 
has been developed by O. R. Schurig of the General Electric Company 
who used 3.75-kw. 110-volt three-phase generators as power stations. 
Actual transformers are used, while lines and loads are made up of 
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and 


conveniently arranged lumped units of inductance, capacity, and 
resistance. This apparatus has been in satisfactory operation for 
several years. 


Evans and Bergvall of the Westinghouse Electric and Manu- 
facturing Company used a test floor set-wp to check experimentally 
the theory of long line stability. Powers of about 500 kv-a. were used. 


The present paper presents a method of artificial representation 
on a laboratory scale, decreasing the size of the apparatus and in- 
creasing the precision of the results. 


All rotating apparatus has been eliminated. Generators are 
represented by phase shifting transformers; transformers by their 
equivalent circuits, and lines by lumped constants. A description 
of the apparatus used by the writers is presented, together with the 
results which were obtained by its use in the solution of several 
typical problems. An analytical check on one of the examples is 
given, showing a precision of better than 1 per cent. 


PURPOSE AND SUMMARY 


HE purpose of this paper is to describe briefly the 
work done by the authors under the direction of 
Dr. V. Bush, in the Research Laboratory of the 
Masschusetts Institute of Technology in designing, 
building, and testing apparatus for setting up miniature 
networks, using generating station powers of 100 watts 
or less. Complete voltage, current,and power solutions 
were made on several arbitrary networks. The repre- 
sentation was single-phase, using phase-shifting trans- 
formers for generating stations, and a vacuum tube 
voltmeter drawing absolutely negligible current for 
measuring potentials. 


INTRODUCTION 


Present power systems, comprising one to many 
generating stations, widely scattered loads, and the 
connecting lines, form complex electrical circuits. The 
problem of the power company is to supply its loads 
with dependable power at constant voltage in the most 
efficient way through these networks. ‘To adequately 
solve this problem for an existing and constantly grow- 
ing system requires thorough knowledge of its electrical 
characteristics. Lines and cables should be of proper 
size to carry present and reasonably anticipated future 
loads, and so placed that the minimum loss and inter- 
ruption of service will occur. Future additions to lines 
and generating equipment should be so placed as to give 
the best system electrically, other conditions being equal. 

What cable or line in the present system limits the 
load which may be added at a given point and what 
will be the voltage there with the new load? Where 
can a new feeder be placed to relieve the overload on a 
substation? How much may the load be shifted be- 
tween stations within the system without overloading 
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any feeder or causing excessive voltage drop? With a 
given load on the system, what distribution among the 
various generating stations gives the best voltage regu- 
lation, the minimum losses and best distribution of load 
over the various feeders? If a new tie line be put in, 
will it relieve or add to existing overload on the other 
lines under some conditions? The answer to these 
questions is found in numerous solutions of the network 
under normal steady state operation. 

Another group of problems is presented when unusual 
conditions, such as short circuits, occur. Knowledge 
of what happens with short circuit at various points in a 
system is important. The proper size of current-limit- 
ing reactors must be determined to limit short-circuit 
currents to safe values. The magnitude of the currents 
again determines how much time may be allowed for 
relays to act without causing serious damage, and what 
size oil circuit breakers are required. As bus bars and 
other structural parts of the system have the severest 
mechanical stresses set up under short circuit, knowl- 
edge of short-circuit currents gives data needed in their 
design. Another factor is the voltage at critical points 
on the system, such as between generating stations, 
which has direct effect upon the ability of these stations 
to stay in synchronism. The current and voltage 
solution of the network under short-circuit conditions 
gives data from which the answer to the above problems 
may be obtained. 


METHODS OF SOLUTION 


In general, the solution of a network under either 
normal operating or short-circuit conditions may be done 
analytically or by one of several experimental methods. 

An analytical solution may be accomplished by using 
Kirchhofft’s Laws, or, commonly easier on any but the 
simplest systems, the cut and try method. Using the 
former, equating the sum of all the currents entering a 
junction, and the sum of all voltages around any closed 
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loop, each to zero, gives simultaneous equations, the 
solution of which solves the network. The method 
becomes so tedious and complicated in a network of any 
complexity that the cut and try solution is quicker and 
simpler. By this method, a voltage is assumed at the 
load most remote from a generating station. Knowing 
the kv-a. and power-factor drawn; the current is calcu- 
lated, and the drop due to it, over the line to the next 
load, added to the assumed voltage. This load current 
may then be found, the drop due to both currents in 
the next section of line added to obtain the next junc- 
tion voltage, and so on until the generating station is 
reached. The discrepancy between this voltage, and 
that known to exist at the generating station, is used 
in making a new trial voltage assumption at the first 
load, and the problem worked through again. This 
procedure is continued until a sufficiently close check is 
obtained for the work in hand. Even the cut and try 
procedure is very laborious for other than comparatively 
simple networks and attention has been turned toward 
experimental solutions. 

The most extensively used of these methods is the 
d-c. short-circuit table, which serves a very useful 
purpose in giving approximate short-circuit currents. 
Its results are sufficiently accurate to be used in design- 
ing current-limiting reactors, oil circuit breakers, bus 
bars, and in setting relays. Two methods of represent- 
ing the a-c. constants on the d-c. miniature are used; the 
resistance of the arms may be set equal to the reactance 
or impedance of the corresponding arm in the actual 
circuit. The former, or reactance method, is most fre- 
quently used and gives results less than 20 per cent and 
usually under 10 per cent in error when the generator 
reactance forms a large fraction of the total circuit 
impedance, and the power factor angle of the external 
circuit is roughly over 45 deg. Here the experimental 
currents are too large. The impedance method gives 
approximately the same error when used on circuits 
having a smaller power-factor angle, but the currents 
found are below the true values. 

This accuracy is good enough for abnormal conditions 
on a network where other factors, such as generator 
voltage, are so uncertain. For steady state solution, 
where results within 1 per cent or less are desirable, the 
d-c. solution is powerless, and alternating oe with 
true impedances must be used. 

In a-c. representation, the metering of the circuit 
determines the scale of representation, which should, 
for convenience and economy, be as small as is consistent 
. with the desired accuracy. Mr. Schurig finds that with 
standard portable instruments, the current must be 5 or 
10 amperes with 200 or 100 volts respectively to keep 
errors safely below 10 per cent.2 These errors are a 
result of the relatively large current taken by standard 
dynamometer instruments. The voltmeter and watt- 
meter potential coils together introduce about 1.6 
per cent error in the current on the 5-ampere representa- 

1. For references see Bibliography 
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tion. With a line drop of 10 per cent the current coils 
of ammeter and wattmeter cause an error of slightly 
over 10 per cent in this drop at 5 amperes if uncorrected. 
The series impedances of. these instruments may, of 
course, be substituted for an equivalent amount of line 
impedance, eliminating this error entirely. Error due 
to potential coil admittances cannot be thus eliminated. 

Mr. Schurig’s apparatus, in use since 1919, gives 
results which are usually within 5 per cent of the true 
value. The error is due to unsteadiness of such small 
machines and to the difficulty of making the large num- 
ber of simultaneous readings required, with greater 
accuracy. 

This apparatus may be used for obtaining normal 
steady state solutions, usually made single-phase; or 
for short circuits, either three-phase, one wire to ground, 
or between two wires, in which case unbalance due to 
unsymmetrical short circuit can be studied. 

This, with the work of Evans and Bergvall’, represents 
practically all the work done up to the present time. © It 
was in the attempt to get a simple, compact, accurate, 
easily manipulated laboratory scale means of solving 
networks that the present method was worked out. 
Since the factor limiting the reduction of scale was 
metering equipment, principally the voltmeters, a 
currentless voltmeter would largely solve the problem. 
In Appendix I is described the vacuum-tube instrument 
developed to fulfill this requirement. As constructed, 
it has the accuracy of the standard portable a-c. 
voltmeter. 

With this instrument available, it was found practi- 
cable to reduce generating station capacities to a maxi- 
mum of about 100 watts. 

The apparatus used consisted of phase-shifting trans- 

formers representing generating stations, smooth artifi- 
cial lines, resistance loads and metering equipment. 
_ The phase shifters have the same external character- 
istics as generating stations, which will later be de- 
monstrated. They alter their load by changing the 
phase of their terminal voltage relative to the system, 
the phase shift being manually adjusted in the minia- 
ture, and by the torque supplied to the generator in 
the actual machine. 

Sections of the smooth single-phase cee lineinthe 
research laboratory, representing No. 00 B & § solid 
copper at 8 ft. 9 in. spacing were used for all the lines. 
In some cases, two parallel circuits were used to give 
additional capacity. Slide wires, giving adjustable 
unity power-factor impedance, in series with the am- 


meter impedance or its equivalent, served as loads. 


Voltage as high as 200 r.m.s. could be used and a 
maximum current of one ampere. Since the ratio of 
voltage to current is usually of this order of magnitude 
on the high-tension lines, actual line constants can be 
used, making current and voltage scales equal. The 
power scale will then be the product of the current and 
voltage scales. 
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The vacuum-tube voltmeter was used to measure all 
voltages, both in phase and magnitude, by the three- 
voltmeter method. Load ammeters were made a part 
of the load impedance. At the generating station, the 
terminal voltage was held constant on the line side of 
the wattmeter and ammeter current coils. Correcting 
the wattmeter reading for the small J?r loss in the 
current coils, amounting to one per cent maximum, 
compensates for all meter errors in the circuit. 


ADVANTAGES 


a. Apparatus. All the component parts of this 


network, including generating stations, are portable, 


7. €., one man can carry a phase shifter, the heaviest, 
piece of apparatus. No particular set-up is required 
before running the apparatus. - 

But little space is required, the total set-up of three 
generating stations, some 200 mi. of line, 6 loads and 
metering equipment requiring only 40 or 50 sq. ft. of 
table space. 

Since the maximum current is an ampere, very small 
capacity of lines and loads is required, the smooth 
artificial lines having ample current capacity. Lamp 
cord is ample for leads. . While the scale is small, 4% 
and 1 ampere ammeters work well and 1.5-amperes, 
150-volt wattmeters give satisfactory deflection. These 
are standard instruments. 

Power requirements may not be of primary interest, 
still it is an advantage to have low energy consumption. 
The total input for three stations at full load is less than 
half a kilowatt. 

b. Operation. The phase shifters can be set at 
phase angles unstable for synchronous apparatus and 
conditions will remain entirely steady. That is, any 
voltage at any phase within the range of the machines 
can be held indefinitely. The operator has far more 
control over the variables than in motor-generator sets. 

With the absence of moving parts comes the steadi- 
ness of operation of atransformer. With steady supply 
voltage, the whole network remains free from current 
and voltage swings, which are somewhat bothersome in 
small rotating apparatus. Because of this steadiness 
and completeness of control, adjustments can be made 
easily, rapidly, and accurately. A network can be 
quickly solved. The time required for various tests, 
as will be shown, is surprisingly small. 

Relative phases of all voltages are determined by 
the three-voltmeter method described later, and know- 
ing the power factor of loads and generators, the phase 
of all currents can be found. 

Since this system, as built, is all single-phase, un- 
balance cannot be studied either under normal opera- 
ting conditions or in case of short circuit. It is limited 
to balanced polyphase or single-phase representation. 
A three-phase set-up can, of course, be used to analyze 
unbalanced conditions. 
this method combines laboratory precision with the 
simplicity of test floor procedure. 


For steady state solutions | 
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ARTIFICIAL GENERATING STATION 


A power network consists essentially of generators, 
transformers, reactors, transmission lines of one sort or 
another, and loads. For a representation of power 
generation it is not necessary to duplicate all generators, 
for to an observer on the line outside a generating 
station, completely equipped with instruments, the 
number of units is undeterminable at any particular 
time. Also, if there is a Tirrill regulator on the high- 
tension side of sending end transformers, the presence 
of the transformers cannot be detected in normal opera- 
tion. One requirement: of an artificial generating 
station is that it must be able to maintain constant 
voltage at its terminals or some other point. 

Let us see what happens when a generating station 
takes on or drops load, as viewed by this outside ob- 
server. Assume two identical power stations are 
supplying one load jointly over separate identical lines. 
Let the load voltage be the vector Vi and the current 


Fig. 1—Vetcor Diagram SHOWING THE EFFECT OF SHIFTING 
Loap BETWEEN TWO GENERATORS 


taken by theload beJ:. SeeFig.1. The stations have 
identical governor settings so the load is divided equally. 
Adding the drops J; Z, and I, Z2, where subscripts 1 and 
2 refer to line and station 1 and 2 respectively, gives the 
station voltages, V,i and V2, which are coincident and 
slightly advanced in phase from V1, the load voltage. 

Now let station 1 add 50 per cent to the load it is 
carrying and station 2 drop 50 per cent, the load current 
remaining constant in phase and magnitude and the 
station: voltages being held constant in magnitude by 
the regulators. To get the new current J,’ over line 1 
requires the drop J,’ Z;._ While the load component of 
I,’ is fixed by the power furnished the station by its 
prime mover, the reactive component is determined by . 
holding the V, constant. Imposing the above con- 
ditions requires that V, be slightly decreased in the new 
condition. Neglecting this in its effect on load power, 
the vector diagram for the second condition becomes 
that shown by the primes in Fig. 1. j 

All that appears to the observer at the high-tension 
side of transformers at station 1 is a phase advance of _ 
V,, when more steam was supplied to this station. The 
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normal action of a station, then, is shifting the phase of a 
constant voltage according to the ‘power furnished the 
generators. A phase shifter therefore fulfills the entire 
requirements, provided sufficient power can be trans- 
formed to hold the voltage constant at the angles at 
which it is required. Output is a function of terminal- 
voltage phase relative to the system and a phase shifter 
output can be adjusted by varying the voltage phase 
and watching the wattmeter. By having taps at 


Fig. 2—Puase SHirrerR CoMPLETE 
The input is through the three-phase cable in the foreground. Term- 


inal voitage is adjusted by means of the switches on the panei. Voltage 


phase is adjusted by the crank on the upper left hand corner. 


different points on the secondary, the magnitude of the 
voltage can be altered independently of the phase. 

To operate these artificial stations, one must, of 
course, know the voltage regulator settings and turbine 
governor speed-load curve of the machines represented 
and this information is necessary for the operation of 
any artificial station. 

The above discussion of generators applies to any 


Terminals 


Fia. 3—Scuematic DiaGRAM or PHasE SHIFTER CONNECTIONS 
SuHow1ne MerTErRING JACKS 


The vector diagram illustrates the three-voltmeter method of deter- 
mining voltage phase. 


synchronous apparatus so the phase shifter may be 
equally well used for synchronous condensers or loads 
at any power factor desired. 


PHASE SHIFTERS 
On the basis of the above reasoning, a phase shifter, 


of suitable capacity to fit well with the artificial lines, 
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was designed and two machines have been built. They 
are three-phase rotor, single-phase stator machines 
wound on half h.p. induction-motor frames. The 
details are very similar to.an induction regulator, 
adapted to the voltage and current used. 

Fig. 2 is a picture of the complete artificial generating 
station while Fig. 3 gives a schematic diagram of con- 
nections including the metering system. V, isa voltage 
jack connected across one phase of the supply voltage, 
which is used as a phase reference. V;, gives the volt- 
age at the machine terminalsGand L. V,., supplies the 
wattmeter potential coils and at J the ammeter and 
wattmeter current coils are connected in series. Since 
one connection of rotor and stator is common, V’ will 
give the third side of the voltage triangle as indicated in 
the vector diagram. This gives the terminal voltage 
phase and magnitude. By carrying the common con- 
nection throughout the entire set-up, the phase of all 
voltages can be determined. 


STEADY STATE PROBLEMS OF THE POWER SYSTEM 
AND THEIR SOLUTION ON THE ARTIFICIAL NETWORK 
The division of load among alternators operating in 

parallel is determined, in the steady state, by the gov- 

ernor settings of the prime movers to which they are 
coupled. Thus if two turbines have the characteristics 
shown in Fig. 4, the division of load between them would 
be completely determined in advance. It is not cus- 
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tomary, however, to regard the governor setting as 
fixed, but to alter the spring tension so as to make the 
units pick up or drop load at the will of the load dis- 
patcher. The effect of so increasing the spring tension 
is to translate the characteristic of the unit upward so 
that the load carried at any given frequency is in- 
creased. On the basis of these considerations, the 
apparatus described in the preceding section was used 
to attack some of the problems which arise in the steady 
state operation of power systems. Several networks 
were set up on the artificial system, five of which are 
described. The first is made simple so that an analy- 
tical solution is practicable; the others are more com- 
plex and approach more closely the problems which are 
continually encountered in operation practise. 
Example 1. The first system set up for study in 
miniature consisted of two generating stations con- 
nected by 96 mi. of line. It was assumed that the 
generators were subject to the control of Tirrill regu- 
lators connected through potential transformers to the 
high-tension bus of the station, or so compounded as to 
compensate for the drop in the power transformers. 
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It was also assumed that one station was clock governed 
so that the frequency was held constant by that station 
at all loads, the other station delivering full load con- 
stantly to the system. 

In solving the problem on the artificial network, the 
magnitude of the nominal system voltage, reduced by 
the scale of 1 to 707, was set at the phase shifter termi- 
nals and the phase adjusted until the stations were 


TABLE I 


LOADS ARE IN KW. x 103 
Load PK Pz 
Meas. Calc. Error Meas. | Calc. Error 

65 74.9 73.4 | 2.04 percent <= (0) Sieve 

85 74.9 75.2 | 0.39percent | 20.4 20.0 O per cent 
103 74.9 74.9 Opercent | 38.3 38.4 | 0.26 percent 
118.9 74.9 75.0 | 0.13 percent |] 58.6 59.5 | 0.11 percent 

together. Conductance was then added at the point 


of load until the power absorbed corresponded to the 
desired value. Finally, the relative position of the phase- 
shifter rotors was adjusted until the stations delivered 
load in accordance with the original assumptions. 
That is, one station should deliver full load and the 
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otherfstation take the balance. The results of this 
solution are shown in Table I and the experimental 
results are compared with results obtained by standard 
cut and try methods. 

The entire time required for the solution of this 
problem on the artificial network was less than two 
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hours including the time required for setting up the 
apparatus and applying the instrument calibrations. 
When the results were checked analytically, it was 
found that an hour was required for each point checked, 
although the writers knew in advance about what the 
answers should be. 

Example 2. The second system studied on the arti- 
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ficial network consisted of three generating stations 
connected by lines, each 48 mi. long, to a load at the com- 
mon junction. In this problem, as in the preceding one, 
it was assumed that the voltage was held constant at the 
high-tension side of the generating station transformer 
bank. The assumption in regard to governing, however, 
was considerably changed, the characteristics of the 
stations being assumed to be as shown in Fig. 5. The 
method of solution is identical with that used in the first 
example and about two hours and a half were required 
to obtain the results which are plotted in Fig. 6. 

The characteristics which were assumed for the sta- 
tions in this example must be based on the assumption 


TABLE II 
Station Unit Governor Sensitivity 
A 15,000 kw. 2.0 per cent 
A 30,000 3.0 per cent 
A 30,000 3.0 per cent 
B 37,500 2.5 per cent 
B 37,500 2.5 per cent 
Cc 22,500 2.0 per cent 
(i 22,500 2.0 per cent 
G 22,500 2.0 per cent 
Cc 45,000 5.0 per cent 


that each station consists of one unit and one only, or 
else that all of the units of the stations operate all of the 
time. The addition of a unit ina station would have 
the effect of raising the frequency and would produce a 
discontinuous characteristic instead of the smooth 
curves of Fig.5. The third example contains the added 
assumptions, in regard to the equipment of the stations 
and the order of putting the units into service, that are 
necessary to make the problem complete. 

Example 8. The configuration of the system of this 
example was taken as identical with that of Example 2, 
but with the additional assumption that the stations 


TABLE III 
Station Machines in Operation 


A 15,000 
A 15,000 30,000 
A 30,000 30,000 
A 30,000 30,000 15,000 
B 37,500 
B 37,500 37,500 
Cc 22,506 
Cc 22,500 22,500 
Cc 22,500 45,000 
Cc 22,500 45,000 22,500 
C 22,500 22,500 45,000 


were to have the equipment shown in Table II and 
that the various units of the stations would be put into 
service in the sequence shown in Table III. In Table 
II the quantitative measure of governor sensitivity is 
the per cent regulation in frequency as the alternator 
goes from no load to full load. From these tables the 
station load-frequency curves shown in Fig. 7 were 
plotted. 

The load voltages and outputs of the stations were 
measured for various values of load, but the results have 
not been plotted, since the discontinuity of the variables 
would render the curves meaningless. 


The results, 


a 


Feb. 1925 


which were obtained in approximately two hours, are 
presented in Table IV. 

Example 4. The purpose of this problem was to dis- 
cover what time would be required to set up and solve 
the sort of problem which arises in determining the 
expansion policy of a power system. A certain power 
company was assumed to sell large blocks of power from 


Percent? Morma/ 


1 


— 
0 


Dh 
60000 80000 0000 
406d -Aw 


lc Kee 


#0000 ©0000 


0000 


its two stations A and B of Fig. 8 to the public utility 
corporations of two cities, L,and Lz. It is proposed to 
extend the system by building a line from J, to carry the 
load of Ls, a third city. The lines are all of No. 00 
solid copper spaced at the corners of an 8-ft. 9-in.-equi- 
lateral triangle. L, and L, draw 93,500 kw. and 96,500 
kw. respectively. The nominal system voltage is 100 


TABLE IV 
LOADS ARE IN KW. Xx 10%. VOLTAGES IN KV. 

Load Vv ; BP Pz Po 

42.9 98.6 10.9 24.1 13.5 
83.4 97.5 47.5 57.6 32.5 
121.9 95.4 44.5 74.8 44.6 
141.2 94.1 71.8 71.8 63.2 
175.0 91.5 69.0 70.2 85.6 
198.9 90.2 71.8 71.8 105.8 
218.0 90.2 74.9 74.9 112.1 
230.0 87.6 80.4 74.5 122.0 


kv. and is maintained constant at the stations. The 
supplying company wishes to know what load can be 
supplied to L; without causing the voltage at any point 
on the system to drop more than 15 per cent from the 
nominal value. The division of the total load between 
the stations is also desired. 

The solution of this problem by cut and try methods 
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is quite possible but it would require a considerable 
amount of time to get the correct answer. The solution 
_ of the artificial network required 45 min. of experimental 
work including the time required for making the set- 
up, and half an hour to apply the instrument calibra- 
tions and work up the data. The results show that 
22,750 kw. can be delivered to L; and that when this 
load is being drawn, the other loads being as specified, 
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stations A and B will supply 112,500 kw. and 96,500 
kw. respectively. 

None of the four problems which have so far been 
described has approached in complexity the problems 
which are constantly arising in commercial power net- 
works. In such systems the problem of load dispatch- 
ing, as well as the problems of voltage distribution which 
have been considered for the simpler cases, becomes 
increasingly important and difficult. Theexample which 
follows was laid out to determine whether the artificial 
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network could be used as a source of information to aid 
the load dispatcher in the operation of the system. 
Example 5. The circuit of Fig. 9 represents the high- 
tension network of a typical power system. Generating 
stations are located at I, II, and III; A, B, C, D,and E 
represent substations located at load centers which 
wereassumed to have the characteristics whichfollow. A 
supplies a large steel mill, a portion of which operates 
on a 24-hr. day; B carries the load of several large 
industrial plants; C an industrial load. with a small 
lighting load in addition; E the industrial load of a small 
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Fig. 10 


town together with its lighting requirements; and D 
was assumed to supply a very large paper mill in a 
relatively small community where a small lighting load 


_would be superimposed on the constant power demands 


of paper manufacture. The load cycles of these sub- 
stations are plotted in Fig. 10. The problem is to 
determine the load distribution, during the four-thirty 
afternoon peak, which will give the minimum departure 
from the nominal system voltage at the various load 
centers; to determine the divisions of load at ten- 
thirty in the forenoon which will be satisfactory from 
the point of view of voltage regulation; and finally, to 
determine the distribution of load, as dictated by voltage 
maintenance, which can be used during the noon valley. 
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The illustration, Fig. 11, gives a general idea of the 
apparatus as set up for this problem, and shows the 
two phase shifters representing Stations I and IJ; be- 
tween them is the vacuum-tube voltmeter. 

For convenience, but one ammeter was used to 
measure the load currents, the equivalent impedance of 
the ammeter being inserted in series with the conduct- 
ance, except when a reading was being taken. This 
made it possible to insert the instrument at will without 
disturbing the system. The solution of the problem, 
which required three hours, is given in Table V. 


THE A-C. CALCULATING TABLE 


The work described in the foregoing section was done 
on smooth lines. There is no reason, however, why 
lines with lumped constants cannot be used in an arti- 
ficial network and this network set up as an a-c. calcu- 
lating table. There are two uses to which such a table 


ARTIFICIAL REPRESENTATION OF POWER SYSTEMS 


Transactions A. I. KE. E. 


The artificial lines and the equivalent circuits of 
transformers in a calculating table for the consulting 
engineer’s use would be better designed with adjustable 
constants. In designing coils to represent the im- 
pedance of lines in a table of this sort, it would be well 
to make them up in units of five loop-miles with taps 
taken out of the coils to take care of the shorter sections. 
The resistance of the coil would be determined by the 
largest conductor of the lines to be represented, the 
inductance by the largest spacing. Thus two coils 
wound with 235 turns of No. 14 wire on an inside 
diameter of one and three-fourths inches (4.45 cm.) 
and one inch (2.54 cm.) thick, axially, would represent 
five loop-miles (8.04 loop-km.) of any line with a con- 
ductor not larger than No. 0000 and a spacing of less 
than 25 ft. (7.65 m.); an adjustable resistor in series 
with the coil takes care of the higher resistance of the 
smaller conductor sizes. 
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might be put; it might be used by a power company in 
obtaining information to aid the load dispatcher, or it 
might be used by the consulting engineer in the solution 
of difficult steady state problems for his client. 

In the first application the lines should be represented 
by lumped constant circuits. The nominal 7 method 
of representation! leads to an error of only 0.7 per cent 
with lines up to 200 mi. long, which makes this method 
entirely satisfactory. Transformers should be repre- 
sented by their equivalent circuits; and if the assump- 
tion is made that the charging current of the line and 
the exciting current of the transformer produce a negli- 
gible drop in the transformer windings, it is possible to 
add the equivalent impedance of the transformer 
directly to the architrave impedance of the line or cable 
and the no-load admittance of the transformer to the 
pillar admittance. This will make the network much 
more compact without appreciably sacrificing the 
accuracy of representation. 

1. A. E. Kennelly, ‘‘Artificial Electric Lines.”’ 
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Loads on the calculating table would be represented 
by admittances. They should be made up in boxes 
with point switches calibrated directly in real and 
quadrature mhos. Then from the voltage it would be 
possible to set at once the admittance to give the 
desired power at any power factor without the aid of 
any meter except the vacuum-tube voltmeter which 
would not draw power to introduce an error. 

In conclusion, the writers wish to express their 
appreciation of the kindness of C. R: Oliver, of the 
New England Power Company, in supplying data on’ 
an actual power system. 


Appendix I 
THE THERMIONIC-TUBE VOLTMETER 
The problem of making measurements on artificial 
lines does not find its solution in the use of ordinary 
instruments. This'is especially true in the case of the 
voltmeter as a consideration of the scale adopted will 
show. For example, in the work described in this paper 
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the voltage scale was such that 100 volts on the minia- 
ture system corresponded to 70,700 volts on the system 
represented and, since there is no change in the impe- 
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dances, one watt on the miniature represents 500 kw. 
single-phase or 1500 kw. three-phase on the actual 
system. 

The ordinary dynamometer type voltmeter takes 
approximately 0.660 amperes at full scale. This means, 
for a 150-volt meter, 9 volt-amperes at full scale; or at 
141.4 volts, corresponding to 100 kv. in the above scale, 
7.96 volt-amperes which is equivalent to 11,920 kv-a. 
three-phase. The remedy is an instrument which, like 
the electrostatic voltmeter, will draw no current, but 
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stant filament temperature as the resistance of the 
filament of the tube increases with age. 


In order to obviate these difficulties, a double throw 
switch was placed in the grid circuit so that the grid 
could be thrown over to a calibrating voltage im- 
mediately after each reading. The drawing, Fig..13, 
shows how this was done. The voltages were im- 
pressed across the ends of a high resistance drop wire 
(2.12 megohms) and the filament and grid were placed 
across a portion of this wire, thus increasing the range 
of theinstrument. Theplatecurrent of the vacuum tube 
consists of an alternating current superimposed on a 
direct current. The use of a d-c. milliammeter in this 
part of the circuit is impossible as it would read only the 
average current, the d-c. component. An a-c. milliam- 
meter or thermo-couple instrument would be satis- 
factory, except that the change in alternating current is 
small compared to the steady d-c. component, so that 
the accuracy would be poor. To eliminate this trouble 
a 2 uf condenser was placed in series with the meter to 


TABLE V 
Va Ve Vo Vp Ve : Pr Pu Pitt Hour 

94.1 95.6 91.1 95.4 93.5 115.0 69.5 76.0 4:30 P.M. 
95.9 94.9 94.3 97.0 96.0 112.0 74.8 27.9 10:30 A. M. 
97.7 95.6 94.6 97:6 96.5 56.6 74.0 Ge, 10:30 A. M. 
97.4 95.6 95.5 97.6 93.0 Lid. 22.6 74.9 10:30 A.M. 
98.5 97.8 98.2 98.2 98.5 111.4 i, 24.1 12:30 P. M. 
97.8 97.2 96.9 98.0 98.0 59.1 74.8 ic 12:30 P. M. 

Pix Pz Po Pp PE Hour 

76.0 56.6 49.2 22.9 23.0 4:30 P. M 

67.2 45.7 38.1 18.5 2203 10:30 A.M 

67.5 45.7 38.0 18.5 225 10:30 A.M 

67.1 45.7 38.1 18.5 2205 10:30 A.M 

61.2 22.5 9.9 2.1 22.5 12:30 P. M 

61.2 22.4 9.9 7A 22.6 12:30 P. M. 


which will have the accuracy of a meter of the galva- 
nometer type. 

The vacuum tube operating as a repeater will draw 
no current from the input circuit so long as the grid is 
maintained at a negative potential with respect to the 
filament. This makes it possible to vary the plate cur- 
rent of the tube by impressing a voltage between the 
filament and the grid without disturbing the circuit 
impressing the voltage. The simplest way of doing 
this is shown in Fig. 12. The plate milliameter is 
calibrated in volts impressed. 

In a circuit of this kind there are several difficulties. 
The alternating voltage must not reach a maximum 
value greater than the value of the grid bias; the grid 
bias must not be so great as to approach: the cut-off 
point of the tube; and all the parameters of the circuit, 
as filament temperature, grid bias, and plate voltage, 
must be held absolutely constant. The most difficult 
of these problems is the maintenance of constant fila- 
ment temperature. It is even difficult to hold the 
filament voltage sufficiently constant for work of this 
sort, and constant filament voltage does not mean con- 


block out the direct current and an inductance of 39 
henries was connected across the instrument and con- 
denser to by-pass this component. 

The circuit of Fig. 13 was mounted together and made 
self-contained, with the exception of the batteries and 
some of the rheostats. The method of continuous 
calibration makes the precision of the vacuum-tube 
instrument the same as that of the voltmeter which was 
used in calibration. No difficulty was encountered in 
manipulation after the circuit was set up; as many as 
120 readings being taken in an hour with ease. 
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Power System ‘Transients 


BY V. BUSH? 
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Synopsis.—The steady state load limits of a power network 
may be examined by familiar methods of analysis. However, 
the instability of a system with one or more _ elements 
working close to these limits sets lower values of power at which 
the system can be expected to give satisfactory operation under the 
sudden changes in load or connections which tt must successfully 
sustain in operation. This paper presents methods for the analysis 
of power systems under transient conditions. 

A qualitative discussion of the problem is given, followed by an 
outline of a point-by-point scheme of analysis which takes into 
account the inertia of machines, field transients, etc. The value of 


economic loading are of the same order of mag- 
nitude. Hence it becomes imperative to examine 
carefully and in detail the maximum power limit of 
such lines from technical considerations. 

The problem is far from simple. If there were no 
system disturbances to. be considered, no voltage fluc- 
tuations, no load variations, and so on, then a steady 
state analysis, using, of course, long line formulas, 
would readily give the load limits. It is when we at- 
tempt to consider disturbances that matters become 
complicated. Yet analysis is necessary, for while the 
margin to be allowed between operating load and ulti- 
mate steady-state load limit will always be a matter of 
judgment, there must be available definite facts in 
regard to the behavior of typical systems under the 
application of definite assumed disturbances on which 
such judgment can be based. 

There are only three ways in which the knowledge 
necessary for a proper judgment can be gained: 


1. Mathematical analysis. 
2. Test of laboratory models. 
3. Experience. 


We shall not, for some time, accumulate sufficient 
experience with long lines operating close to their 
theoretical power limits to enable proper engineering 
margins of safety to be determined. So we must rely 
upon analysis and test. 

Each of these should be made as nearly a complete 
treatment of the actual problem as possible, but neither 
can absolutely reproduce the conditions of the actual 
network. Test is limited because small machines can- 
not have the same relations between their electrical and 
mechanical constants as do large machines.. Analysis 
is limited by the complexity of the problem. As in the 
_ analysis of all physical problems, something must be 


INTRODUCTION 


ITH electrically long transmission lines, the 
ultimate carrying capacity of the line and the 
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this scheme depends wpon having available rapid methods of analysis 
applicable to conditions prevailing at a given instant during the 
transient. Therefore, there is also included a description of the 
methods which have been fownd advantageous, notable among which 
is a superposition method of solving systems by means of charts. 


' This is a powerful means of attacking complicated systems. 
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The method of point-to-point analysis is applied to specific types 
of networks as examples. There is also given an extension of 
approximate. methods of analysis presented previously. 

The paper is confined to the exposition of the methods of analysis 
which we have found convenient and powerful. 


approximated or assumed to make a solution possible 
Yet each mode of attack should be pushed as far as 
possible in completeness. The economic importance 
of the problem warrants taking great pains to omit noth- 
ing from consideration that may be important. Analy- 
sis and test are complementary. The final check of 
theory is by test, and the final attack on the actual 
problems of system design must be by analysis. 

In general the problem before us is this: Given a 
system of power stations connected by transmission 
lines, and operating close to the steady state power 
limits of some of its elements, how susceptible is such a 
system to disturbances of the sort which it will encoun- 
ter and which it should sustain without rupture? In 
other words, what is the degree of stability of such a 
network when subjected to disturbances of the types 
likely to be encountered in practise? This problem is’ 
best solved at present by showing in detail how the 
system will react to certain definite assumed disturb- 
ances of a nature like those to be encountered in prac- 
tise. For example, how will the system perform if a 
certain section of line is suddenly tripped out, or if a 
generating unit is suddenly dropped off? The answer 
to such questions is the definite guide needed to com- 
pare different system designs, and give the basis of 
judgment as to whether a given layout is satisfactory 
for the service for which it is intended. 

The factors entering the problem are very numerous. 
The electrical constants of lines and machines are 
involved as in a steady state solution. In addition, 
during disturbances, the behavior of exciters, governors, 
and regulators comes into play, and the mechanical 
constants of machines as well as their electrical behavior 
must be considered. In other words, we are concerned 
not only with the distribution and time variation of 
voltage and current in the network, but also with the 
time variation of the air-gap flux of machines, and their 
mechanical phase relations. 


BASIS OF ANALYSIS 


During a power-system transient we have a suc- 
cession of instantaneous states which occur in sequence, 
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each of which changes into that which follows. Actu- 
ally there are an infinite number of such states and the 
transition is entirely gradual. However, as done in 
many mathematical devices, we may consider only a 
finite number of such states occurring at finite intervals 
of time. If the time interval is short, we may approach 
the actual process in this manner as closely as is neces- 
sary for accuracy. We practically choose a time 
interval sufficiently short to avoid undue error, and as 
long as is consistent with this condition, in order to 
shorten the necessary computation. Hence analysis 
of the transient behavior involves, first, the solution 
of the network under the conditions prevailing at each 
of these chosen instants, and second, a computation 
of the manner in which the conditions determining 
these instantaneous solutions vary with the elapsed time. 

When a system passes from one instantaneous state 
to another, the transition, so far as the transmission 
lines are concerned, is accomplished by means of travel- 
ing waves. These die out within a cycle or two. If 
the chosen time intervals are large compared with 
the time constant of the traveling waves, then the 
conditions prevailing at each instant for given terminal 
conditions on the line will be substantially the same as 
though these terminal conditions were sustained. In 
other words, the instantaneous solution for the trans- 
mission line will be given by formulas applying to the 
steady performance of the line as represented most 
conveniently in circle diagrams. 

In machines the case is somewhat different. When 
the terminal voltage on a synchronous machine is 
suddenly altered in phase or magnitude, there is an 
armature transient which lasts a few cycles only. This 
armature transient may be neglected since it lasts for a 
brief interval, and its effect, if taken into consideration, 
would amount only to a minor correction to be applied 
to the field current. After this has died out, conditions 
in the machine are those given by curves giving the 
machine performance for steady conditions, provided 
they are entered with the actual values of field current 
-and angle which prevail at the instant under considera- 
tion. The field current and angle change slowly, due 
to the large time constant of the field circuit, and the 
inertia of the machine; and, as we pass from one 
instantaneous state to another these slow changes must 
be allowed for and computed. 

Therefore, if for any given instant we state the con- 
nections and electrical constants of any network, the 
flux of any connected synchronous machines, the rela- 
tive phase angles between them, the characteristics of 
any connected load, and the voltage and current dis- 
tribution in phase and magnitude, we specify to a suffi- 
cient degree of accuracy, the condition of the system 
at that instant. If sufficient of these data are given 
for a certain instant, we can solve the remainder from 
the circle diagrams of lines and connected machines, 
using these latter at the values of field current and angle 
actually existing at the instant considered. 
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OUTLINE OF METHOD OF ANALYSIS 

Before going into the detail of computation of the 
complete solution, let us consider qualitatively what 
happens to a typical system during sudden load changes. 

Consider a system consisting of a load supplied in 
parallel from a local steam station and a hydro station 
transmitting power over a long line which has synchro- 
nous condensers at the receiver end. When a load is 
suddenly applied at the receiver end of such a.system, 
the increment is shared in the first instant between (1) 
the steam stations, (2) the synchronous condensers, and 
(3) the line and hydro station. Each begins to drop 
back in phase at a rate depending upon the load incre- 
ment applied and the moment of inertia of its rotor. 
The field fluxes remain substantially unchanged during 
the first instant, and then start to alter at a rate depend- 
ing upon the constants of the field windings and upon 
the rate at which armature currents are simultaneously 
changing. After an interval the regulators act and the 
variations of field current are, thereafter, influenced by 
this new factor. The governors on the various units 
also come into action after an interval, and the rate of 
phase change of each machine is thereafter correspond- 
ingly influenced by the increment shaft torque applied 
by the prime mover as the throttle is changed in 
position. 

Preliminary consideration of the sequence of these 
events show that at first all of the rotating equipment 
on the system will start to change speed, and that the 
apparatus which supplies the larger increment of load 
in proportion to its kinetic energy of rotation, probably 
the synchronous equipment nearest to the load, will 
slow down most rapidly. In slowing down this equip- 
ment so changes the phase position of its field structure 
with respect to the terminal voltage that it delivers a 
smaller and smaller load increment which eventually 
passes throughzero. Itthen takes power until the excess 
changes the direction of swing. Meanwhile the other 
machines must deliver the deficit in power created by 
the swing of the first machine, thus in turn carrying a 
load which makes their rate of phase change greater, so 
that they follow the first machine through a similar 
cycle. In this manner synchronous apparatus on the 
system oscillates about some power point. The con- 
densers, of course, oscillate about the zero power axis 
and the generators tend to oscillate about their re- 
spective governor characteristic curves plotted against 
the time. 

While this discussion relates primarily to sudden load 
application, there is a similar sequence of events when 
a generating unit is dropped at the receiver end of the 
line, or when a transmission circuit is suddenly tripped 
out. The methods of analysis presented are applicable 
to any of these cases, or to three-phase short circuits in 
any part of the system considered. 

Given a power system operating under known steady 
conditions, and given a disturbance such as a change of 
load or connections suddenly impressed on this system, 
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it is desired to compute in detail the time variations 
of all factors in the system in which we are interested. 

There is an immediate change, first to be computed, 
which follows directly after the start of the disturbance 
and after the lapse of a very small interval.of time. 
This small time interval, a cycle or two, is sufficient for 
the subsidence of traveling waves, and for the armature 
transients in machines to have disappeared; but it is 
insufficient for appreciable change in the relative me- 
chanical phase angles of machines, or appreciable 
change in the magnitude of the flux in machines. 

This immediate change can hence be computed by a 
solution based on the characteristics of lines and ma- 
chines in which the given quantities are all the me- 
chanical phase angles and values of flux. These aresuffi- 
cient to fix the system, and a solution then gives the 
phase and magnitude of voltage and current every- 
where, and hence the new values of power and reactive 
volt amperes in each machine. We will assume for the 
present that this solution is made, and later we will 
return to specific examples, and show how such a solu- 
tion can be obtained in a manner conveniently adapted 
for the transient analysis. 

We now have the solution for the first instant after 
the beginning of the disturbance, and hence the values 
of power which appear immediately after the disturb- 
ance in each machine involved. The difference between 
these values and the initial values of power give the 
power increments, plus or minus, on each machine. In 
the first instant these increments are applied entirely 
to produce positive or negative acceleration of the 
rotors, and these accelerations may be computed, when 
the speeds and moments of inertia of machines are 
known, by well-known formulas. 

If now this power increment remained constant, that 
is if the flux in the machine and its terminal voltage 
suffered no further change in either phase or magnitude, 
and if there were no additional power supply to the unit 
from governor action, we could compute its position 
for subsequent times from 
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Where a is the acceleration and @ is the mechanical 
change in angle. In making this computation, we may, 
as noted below, make as a refinement a correction for 
the power consumed by damper windings. Of course, 
quantities do not remain constant in the manner indi- 
cated above, yet, if we choose a sufficiently small time 
interval, the error in assuming them constant may be 
made as small as we please. In fact, even although a 
small variation in the factors involved occurs during the 
time interval, we may estimate the variation and allow 
for it. The accuracy in the estimate could be checked 
presently, and in case of serious discrepancy, corrected 
by a recomputation. It is possible though to avoid 
the cut and try process involved in this estimate of 
power increment and this is in fact necessary if the 
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analysis is not to become unduly laborious. The 
superposition methods of analysis which are described 
below enable this to be done by a correction applied to 
a characteristic curve. 

In the first instant after the occurrence of a disturb- 
ance, each machine will also have an increment of 
armature current. Due to the fact that the magnetic 
linkages with the field winding cannot be changed in- 
stantly the field current will also undergo a sudden 
change. The amount of this change can be obtained 
from the increment of armature reaction, since the total 
magnetomotive force on the magnetic circuit of the field 
remains constant. In this computation allowance is, 
of course, made for the incompleteness of coupling be- 
tween armature and field circuits. It is sufficient to 
use the increment of armature current in quadrature 
to the induced voltage. 

We thus obtain the value of field current in each 
machine at the instant after the beginning of the dis- 
turbance. If there were no further change in armature 
current and in the absence of regulator action, we could 
then compute the field current, and hence the flux, in 
each machine for subsequent times. The field current 
would return exponentially to its original value, the 
decrement of the exponential being given by the time 
constant of the alternator field circuit. In the first 
short interval of time the regulators will not have acted, 
sO we can compute in this manner the flux in each 
machine at the end of a chosen short time interval, 
except for one effect. This is the result of further arma- 
ture current change during the interval. Such change 
produces a field current increment in exactly the same 
manner as the initial change. This may be termed for 
convenience the subsidiary field transient. It could be 
allowed for as follows: Estimate the terminal voltage 
at the end of the chosen interval, from the machine 
characteristic determine the corresponding armature 
current and armature reaction, and from this the sub- 
sidiary field transient. Apply to this the field decre- 
ment corresponding to half the time interval to allow 
for the fact that the effect is produced continuously 
throughout the interval at approximately constant 
rate, and add the result, with proper sign, to the field 
current obtained from the previous computation. 
Upon obtaining the next solution the estimate of voltage 
could be checked. While this method of allowing for 
subsidiary field transients would work, it is laborious in 
that it involves a cut and try method. Again the 
superposition method of obtaining instantaneous solu- 
tions which we use in this transient analysis enable us 
to allow for this subsidiary transient without using cut 
and try methods. This will appear in the examples 
which follow. 

From the above we now have at the end of a chosen 
time interval the values of flux in all machines and their 
relative mechanical phase positions. It is hence 
possible, by just the same methods employed for the 
previous solution, to solve for the voltage and current 
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everywhere in the system at the end of this interval. 
We may then compute new power increments, and new 
values of field current. 

We then proceed with a second time interval. The 
procedure is exactly as before with two exceptions. 
First, in computing the angular space travel of machines 
in the second and subsequent intervals, we must not 
only, as before compute, that due to their angular acceler- 
ations in the interval, but must add the travel due to 
the velocity which existed at the beginning of the second 
interval with respect to a constant speed base. The 
angle for the second interval is given from 

6 V Qe i 
=Vit+ 730 as 
where V, is the angular speed at the end of the first 
interval, obtained from 
Wa = A t: 


except for the effect of power increment during the 
interval, allowed for as before. Second, it is necessary 
in computing the field current change in the second 
interval, to apply the decrement for the interval to the 
total field current increment at the end of the first 
interval due to both initial and subsidiary field tran- 
sients, and to add on the curves the effect of the subsi- 
diary transient in the second interval. 

Proceeding in this manner, we can compute the varia- 
tion point by point with the time, of the voltages, cur- 
rents, powers, and angles in the system. This is con- 
tinued until sufficient data is obtained to make evident 
the behavior of the system subsequent to the beginning 
of- the disturbance. During this process we will 
shortly arrive at a lapse of time sufficient for the voltage 
‘regulator to begin action. When this occurs we shall 

need to add a new term in our computation of field 
currents, namely the increment produced by the regu- 
lator action on the exciter. This is obtained from a 
curve of main field current against time after closing of 
regulator contacts, drawn for the particular exciter 
system involved. Mr. R. E. Doherty has developed 
the form of these exciter transients in much detail', 
and we have checked many of his derivations. It 
is accurate for small increments with shunt wound 
exciter and brushes on neutral to add the separate 
effects of field decrement and exciter action. In other 
words, the effect of exciter field built-up occurs, as far 
as small increments are concerned, as though the field 
current were otherwise stationary in value. The con- 
sideration of compounded exciters requires that the 
two effects be considered in combination by a cut and 
try process. 

It may even occur in the course of the analysis that 
the terminal voltage of a machine will rise to a point 
where the regulator contacts will again open. This is 
taken into account by a curve very similar to the above, 
again allowing a definite interval of time after arriving 


1. R.E. Doherty, Trans. A. I. E. E., 1922. 
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at the new voltage for the delay in opening of contacts 
due to time lag of the relays. This is one or two- 
tenths of a second, depending on the regulator design. 

Another effect which occurs after an interval where 
prime movers are involved is governor action. This 
is readily taken into account, provided we know the 
governor characteristics, by including with the power 
increment used in calculations of angular swing a new 
increment, of the same or opposite sign, as the case may 
be, due to governor action. For this we need simply a 
curve for the governor giving additional power supply 
to the unit against the time. It is in fact best to con- 
struct this as we proceed, as the rate of response of a 
governor depends upon the increment in speed, or the 
total response depends upon the integral of the speed 
change. This again is a matter requiring detailed 
analysis of its own, and unfortunately complete infor- 
mation in regard to the behavior ofall types of governors 
is not yet available in the form necessary. We have 
been assisted in arriving at reasonable curves for gov- 
ernoraction by certain studies carried out by the General 
Electric Company. The action of steam governors is 
especially important. The lag of hydraulic governors 
is so much greater that the power transient is usually 
past its critical stage before they get into action. 

From the above it is evident that point by point 
analysis of this sort depends principally upon a proper 
adaptation of methods of obtaining instantaneous solu- 
tions under the conditions set up by the transient analy- 
sis. Especially is it possible to proceed with facility 
when the charts are so modified that cut and try 
processes, both on power variation and on subsidiary 
field transients, are avoided. We will, therefore, de- 
vote much of this paper to the treatment of rapid 
solutions under the peculiar terminal conditions which 
obtain where such solutions are a part of a transient 
analysis. We will follow this by examples employing 
the methods developed. 

Experimental methods of studying transients, using 
alternating current artificial lines, and small machines 
to represent the various generating and condenser 
stations, have been used by Evans and Bergvall to give 
a means of checking theory. This is a valuable pro- 
cedure which will undoubtedly be extended. When it 
is attempted, however, to obtain from such an artificial 
system transient data which will apply directly to an 
actual system, we encounter a difficulty in that the. 
relations between electrical and mechanical constants 
and the relation between armature and field constants 
cannot be made the same in a small machine as in a 
large one. One way of avoiding this difficulty is to 
replace the small rotating machines by stationary phase 
modifiers, and to then manually make the phase ad- 
justments and generated voltage changes indicated by 
the point by point analysis. The artificial network 
then becomes simply a convenient means of arriving 
rapidly at the steady state solutions necessary for the 
complete analysis. This method of representing gener- 
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ating stations in an artificial network has been de- 
veloped by Messrs. H. H. Spencer and H. L. Hazen 
at the Massachusetts Institute of Technology, and 
their paper (see page 72 of this volume) describes the 
apparatus and its use, so that it need not be further 
discussed here. The advantage of the method, of 
course, is that the solutions for points in a transient 
analysis may be obtained more rapidly when com- 
plicated systems are considered. 


The refinements to be introduced in the transient 
analysis are a matter of judgment, and experience with 
the method soon shows the relative importance of 
various factors. One point of this sort deserves partic- 
ular mention. During the progress of a transient the 
speed of a machine will change slightly, and strictly 
its characteristic as used in the solutions for instan- 
taneous points should then be altered so as to apply: to 
its actual speed. We have found, however, that in 
cases in which the disturbance was such as to approxi- 
mately produce loss of synchronism the speed change 
during the portion of the transient which must be com- 
puted in order to predict results was usually well below 
1 per cent, so that we have not considered this partic- 
ular refinement necessary when treating transients due 

- to sudden disturbances. 
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AIDS TO RAPID CALCULATIONS 


In the course of this work, a type of circle diagram 
has been developed which, while it does not incorporate 
all the features of some of the diagrams, is much simpler 
to construct and use, and is particularly convenient 
for the type of solutions we need in this transient study." 


1. This same form of diagram has been presented, since this 
paper was written, by Mr. C. A. Nicklein a discussion in TRANs- 
actions A. I. KE. E., 1924, Page 85. The numerical example 
which he gives will be found especially useful. 
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Hence, although it is a digression, we shall briefly 
describe it. This simplified diagram, shown in Figs. 1 
and 2, is a modification of the Evans and Sels diagram, 
except that we have included the voltage, power, volt- 
amperes and*angle relations at variable voltages at 
both ends, instead of at a single end of the line as has 
been done by previous writers. The advantages of this 
chart are simplicity of construction, accuracy, and the 
ability to depict line conditions with variable sending 
and receiving-end voltages on two charts only, instead 
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REcEIVING END 


of the large number required by the ordinary diagrams 
to cover a range of voltage conditions. Interpolation 
on this diagram is rendered more accurate and easy 
by the uniform scale of voltages at either end of the 
line and by the fact that the circles are concentric. 
The diagram is not an approximation: it may be based 
upon hyperbolic formulas for a long line, and will then 
represent the action of the line in accordance with these 
formulas. 

The derivation of this chart and the computations 
of the requisite constants for construction, are similar 
to those which have been presented for other circle 
diagrams. 

The equation 

=(a+jb) #E, + (¢+ja) i, 
is a vector equation expressing the relation between the 
sending voltage E, , the receiving voltage E, , and the 
receiving current /,, for a given line in terms of the 
constants (a +76) and (ce +jd). This equation may 
be written for a simple line, a line with transformers, 
a pair of parallel lines, ete.” 

Take £, at standard phase, denote the horizontal 
and vertical components of /, by J, and j,, and simi- 
larly for other vectors. The scalar equation corre- 


sponding to this is then 


2. Evans and Sels, Electric Journal, August 1921, p. 358. 
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E,+jE; = @+96) EH, + (e+5¢@) Ud. +51), 
which may be written in two parts: 
( E.=oa8,+cl,—4 I, 
\ Er=08.+dI,+ cl, 
Square and add these equations, and we have 
EZ = (a + b?) E2 + (c2 + d?) [2 Bi ai(Chut Vd?) I2 
+2(ac+bd)H,f,+2(bc—ad)E, I, 
Now if P, and Q, are the total receiving-end power and 
quadrature volt-amperes respectively, and if EH,’ and 
E,, are phase voltages, then 


jy) aaa 
ee OLE 
. (ay 
di = Bae 


for a balanced three-phase system. We also use the 
abbreviations: 


A=e40? 
C2 + d2 
aria gale 
2 
Gree 3 (ac+ 6d) 
D= ze b d 
Fie ( € I ) 
Insert these above and obtain: 
(4: +35) +(# +S) -4(4) 
Pe 2oR J) \e 2 OR = 3( E, 
BP, Q, *_ 
If iE and Be are used as coordinates, this is the 


equation of a circle, and the coordinates of the center 
of the circle and the radii are then given by 
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Similar reasoning applies to charts in terms of send- 
ing-end conditions giving 


luck! 
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where J = — 2/8 (ec +f d) 
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and K = 2/83 (de-—cf) 
The position of the center of the circles is now fixed 
independent of voltage. For any given value of 


E, 
ens have the same radius, and hence the same 
circle. Therefore circles may be labelled with the ratio 


of the two voltages, and these circles will be concentric 
and evenly spaced. The angle between terminal 
voltages will be given by a series of evenly spaced radial 
lines. The diagram is thus simpler to draw and use, 
and more accurate when it is necessary to interpolate. 
Also a single chart, instead of a series of charts, is suffi- 
cient to cover the line behavior with variable voltage 
at both ends. 

The charts shown in Figs. 1 and 2 give a graphic 
description of the operation of the line, but even they 
are not necessary, for the ideas involved in this sort of 
chart may be readily incorporated in a simple link 
motion which will avoid altogether the necessity of line 
charts in the usual computations. 
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Place two pieces of rectangular coordinate paper, with 
axes marked in termes of the ratio of power and quadra- 
ture volt-amperes to the square of voltage, as shown in 
Fig. 3. It is unnecessary to add further loci to the dia- 
gram, but some of these are shown on the figure for 
convenience in explanation. 

An examination of this figure shows that a bar 
pivoted at the point O will intersect the charts at equal 
angle values. If this bar is graduated to read values 
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the other end will be set at the inverse ratio, we will 
then have a device with which we can predict conditions 
at either end of the line when sufficient data are given. 
The inverse motion can be accomplished by the simple 
linkage in Fig. 4. 
The analysis of the linkage is as follows: (See Fig. 5) 
a = 2? + x? — 2 br cos 0; 
a = 0? + y? + 2 by cos 4; 


From which 
ety =Pa@ty+@tyzry 
sy = a?— b? = constant. 


Fig. 4—LInKAGE AND CHARTS FOR PREDICTING TRANSMISSION 
LINE PERFORMANCE 


Let us now consider x and y for ratios of and 


E, 
E, 
E, 
EB, 


Then b = 1 and a = v/ 2 are convenient lengths of 
arms. Choose convenient scales for the coordinate 
axes used for the sending and receiving end charts, 
making the length unity equal to the length unity 
employed on the bar, and mount these upon a board in 


of unity, to be themselves unity. 


Fie. 5—Diacram or LINKAGE USED wiITH TRANSMISSION LINE 
CHARTS 


such a manner that the angle and the distances between 
the axes may be varied in accordance with any line 
constants. 

It will then only be necessary, in solving for condi- 
tions on any line, after fixing the position of the rec- 
tangular scales, to multiply the scalar value of power or 
volt-amperes read from the chart by the value in volt- 


8 


E, 


amperes of the radius of either chart for = unity; 
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scale so that unity occurs at the distance unity from 
point O, these latter values may be obtained directly 
from the readings at the two ends of the bar. 

The link motion with the two pieces of coordinate 
paper may thus be set for any given line, and will then 
give all the necessary relations between power, quadra- 
ture volt-amperes, voltage, and angle at both ends of 
the line. ‘The angular relation between, and the rela- 


tive positions of the two charts are determined by the 


values of h and k defined for the sending end and receiv- 
ing end on a preceding page. 


MACHINE CHARACTERISTICS 
Much more information in regard to the behavior of 
synchronous machines than is usually given is necessary 
for the solutions we have in hand. It is necessary to 
specify the complete relations between field current, 
generated voltage, terminal voltage, and armature 
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current, both in phase and magnitude. This is most 
readily done by a series of charts, similar to circle 
diagrams, constructed for various values of terminal 
voltage, having power and reactive volt-amperes as 
coordinates, and showing the loci of constant field 
current and constant flux in the air gap. Such a chart. 
is shown in Fig. 6. From these may be rapidly de- 
rived the necessary curves for graphical system solutions. 

Since the stability of power systems operating close 
to their load limits depends intimately upon the charac- 
teristics of the connected machines, it is necessary that 
these charts be constructed as faithfully as possible. 
The assumption of a constant synchronous impedance 
is here unallowable, since under the conditions of opera- — 


tion, it varies widely. Also the usual treatment of a — 
salient pole machine by non-salient pole methods ap- j 
pears too loose an approximation. 


which is a constant for any line, and by the proper value 
of EZ or E72. If the bar x y is calibrated with a linear 
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We shall usually have available the excitation curve, 
and the full-load current, zero power-factor character- 
istic of the machine, together with its short-circuit 
curve, and the leakage reactance which may be assumed 
constant without serious error. We can also obtain 
from design data the factors which apply for armature 
reaction, for a salient pole machine, to the components 
of armature current in quadrature to and in phase with 
the generated voltage; that is, the cross magnetizing 
and demagnetizing components of armature reaction. 
Let us call these respectively K, and K 4. 

We can now construct a vector diagram, Fig. 7, for 
any assumed value of armature current as follows: 

Lay off the known current J, and. the terminal 
voltage V; Compute the leakage reactance drop, and 
by adding this to V,, obtain the generated or air-gap 
voltage, H,’. Perpendicular to this, and of a length 
obtained by reference to the magnetization curve, lay 
off the resultant field current R. Through the end of 
R draw R A opposite in phase to the current, and of a 
length equal to the armature reaction in terms of field 


eurrent. Divide this line at B so that 
RD Ke 
RAO LK 


Draw O B, and project Aon this line atC. Perpendic- 


Fig. 7—Vecror DiacraM oF A SALIENT Porn ALTERNATOR 


ular to OC, and of a length corresponding in ‘voltage 
scale to OC as.a field current on the magnetization 
curve, draw E’,, the nominal or field current voltage. 
- The length O C gives the field current corresponding to 
the assumed voltage and current. The angle 1OE, 
gives the angle of current with respect to the field 
structure. 

The basis of this construction is as follows: Armature 
reaction R A is split into components R D and D A, in 
phase with and in quadrature to the center line of field 
structure given by the direction OC. The former is 
added, complete, to vector R, but the latter or cross 
magnetizing portion is only partially added. The 
portion used, D C, is that part of the total, D A, given 
by multiplying by the factor K.. This follows from 
similar triangles. This method assumes that the 
reluctances of the magnetic circuits of the leakage 
flux and the main flux are equally affected by satura- 
tion of the iron core.” 

2. A more complete treatment of the vector diagram of the 


salient pole machine will be found in Harmonic Analysis, by 
W. VY. Lyon, Transactions A. I. EH. E., 1918, Page 1477. 
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From the above diagram, we obtain power, quadra- 
ture volt-amperes, current and power factor as usual. 
These are then entered on a chart, and the loci of con- 
stant field current, etc., mapped out. 


REPRESENTATION OF SYSTEM CHARACTERISTICS 


When a system consists of transmission lines inter- 
connecting existing systems, some method is necessary 
for representing the behavior of each formerly independ- 
ent system which is tied in. This representation 
should include the behavior of the loads in that system 
as well as the generating stations, and the characteristic 
should be reduced to the point where the system is tied 
into the transmission line. The generating stations 
on the system are considered independently as outlined 
in a preceding section. The load, which may include 
many small synchronous motors and a large percentage 
of induction motors, cannot, of course, be treated as so 
many independent rotating machines. An examination 
of the relative time constants of these machines and the 
natural period of oscillation of the rotors shows that the 
duration of the transients will be very short as compared 
with those obtaining in the large alternators. Hence, 
we have used the steady state characteristics of these 
machines in our analyses. 


Actually, each system consists of distributed loads 
and one or several generating stations feeding into the 
distribution network. The action of the distributed 
load may be represented as a single concentrated load 
of proper characteristics at the load center of the sys- 
tem. In computing these characteristics there are to 
be included the constants of ‘the lines connecting the 
several loads with the load center. Thus an individual 
load which is connected to the load center through a 
given line may be represented by an impedance at a 
particular value of voltage at the load center. This 
impedance includes the impedance of the load and 
connecting distribution lines in series. Adding the 
admittances of individual loads at the load center in 
parallel gives a resulting load admittance for the partic- 
ular value of voltage assumed. - Repeating this pro- 
cess at different voltages gives the load characteristic 
at the load center. This characteristic is then to be 
transferred to the point of connection of the system to 
the transmission line, which is accomplished by adding 
the impedance of the lines between the load center and 
the point of connection to the resulting load impedance 
at the particular value of voltage, thus constructing 
a new characteristic of the load as determined against 
voltage at the point of connection. 

The above outlines the method of representing the 
characteristics of a system which is connected to the 
primary transmission system at a single point only. 


‘In ease the system is connected to the primary network 


at two points, a modification of the method is necessary. 
This consists, in general, of splitting the system into 
two parts to be concentrated at the two points of con- 
nection. The tie, within the secondary system, be- 
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tween the two points, is then included as a parallel 
connection to the primary transmission system between 
the two points. In other words, instead of reducing 
the load to a single equivalent load, it is reduced to an 
equivalent load in two parts at the two points of con- 
nections. The load at the load center, which is deter- 
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mined as before, instead of being transferred to a single 
point of connection by including the impedance be- 
tween the load center and that point, is divided into 
two parts which are transferred to the two points of 
connection. The general principle of this method of 
transfer is that the system with its loads is reduced to 
an artificial network with two concentrated loads, which 
is equivalent to the actual system in so far as its be- 
havior at the two points of connection is concerned, in 
terms of the variation of both power and volt-amperes 
with voltage. 
DERIVED CURVES 


For the solutions incident to this transient analysis, 
the primary tools, or reference charts, are the character- 
istics, preferably in the form of circle diagrams as shown 
above, of generators, connecting lines and trans- 
formers, condensers, and loads. From these are taken 
off as needed in the course of the study of a particular 
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transient problem, special curve sheets for rapid use 
in obtaining solutions for a given point of time. These 
are, for reasons which will appear below, most con- 
veniently put in the form of plots of kilowatts or react- 
ive kilovolt-amperes against electrical angle with 
respect to some base angle as reference, for lines, genera- 
tors and condensers. The vector used as a base may be 
the terminal voltage at some chosen point for steady 
state normal load conditions. On each sheet is a nest 
of curves for various terminal voltages. For a machine 
it is also necessary to prepare a separate sheet for each 
value of field current. Curve sheets of this sort are 
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shown in Figs. 8 and 9 for a 20,000 kv-a. synchronous 
condenser. Similar charts for a line are shown in 
Figs. 10 and 11. 

These curve sheets are used by superposition methods 
for obtaining solutions for a network where angles and 
flux values are the known parameters. It has been 
found desirable to put kilowatt and quadrature kilo- 
volt-ampere relations on separate sheets, and treat them 
separately rather than to attempt to superpose circle 
diagrams themselves. The reason for this is that these 


ANGLE BETWEEN Es AND Eg 


200 240 


0 80 120 160 
POWER IN 1000 KILOWATTS 


Fig. 10—Derivep Power CHart or TRANSMISSION LINE 
PERFORMANCE 


solutions are made as a part of a transient solution and 
because when done it is possible to avoid laborious 
cut and try processes by a single alteration in the curve 
sheets used in superposition. Upon superposing these 
curves a resultant diagram is obtained satisfying: all 
power relations for the network, as well as a second 
diagram which satisfies all quadrature relations. A 
final superposition of these two gives a set of conditions 
which is common to both, and hence is a solution of the 
network under given conditions. 
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This, in brief, is the scheme of the superposition 
method. It is difficult to explain clearly in general 
terms, but specific examples will be presented in some 
detail, and in the course of this, it will appear why these 
particular superposition methods, avoiding the necessity 
of cut and try processes, have been adopted for the 
solutions incident to this transient analysis. 
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EXAMPLES 

The underlying theory of this analysis has been 
presented in foregoing sections and it has been 
noted that characteristics of machinery, and lines are 
most readily introduced into the calculations in the 
form of kilowatt vs. angle charts and reactive kilovolt- 
amperes vs. angle charts. This modification of the 
ordinary solution has been found desirable for two main 
reasons: first, that the intersections obtained by use 
of the ordinary charts were obscure, and second, that 
refinements to introduce mechanical movement and 
subsidiary transients in the fields were readily appli- 
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cable to the new charts in such a manner as to elim- 
inate the cut and try processes otherwise incident to 
the consideration of these factors. 

The method of using these new tools will be illustrated 
in examples. The first case will be very simple for the 
purpose of presenting the general method, and because 
of its simplicity will not involve all of the refinements 
necessary for solutions of more nearly representative 
systems. The other cases will consider more extensive 
systems and will, we hope, present the method and 
refinements in sufficient detail making the extension 
- to more complex systems apparent. 

Consider first a system consisting of a generating 
station of such dimensions that the high tension voltage 
at the sending end of a transmission line is substantially 


fixed in phase and magnitude, with a line transmitting. 


power from this station to a receiver point where a 
condenser is operating to regulate voltage. Let us 
determine the operation of the system upon the sudden 
application of a block of load of constant kw. and kv-a. 
at the receiver end of the line. 

The characteristics used for the solution of the first 
- point are, Fig. 10, the receiver-end power characteristic 
of the line plotted vs. angle between the sending and 
receiving end voltages, #, and H,, Fig. 11, the receiver- 
end kv-a. characteristic plotted also vs. angle between 
E, and E,, Fig. 8, the power characteristic of the con- 
denser for the known initial field excitation plotted 
against electrical angle between the voltage of the im- 
pressed field or the center line of field structure and the 
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terminal voltage E,, and Fig. 9, the corresponding 
quadrature kv-a. characteristic for the condenser. 

Locate upon Fig. 10 the operating point of the line 
before the application of the additional load x; then 
place Fig. 8 upon Fig. 10 so that its 0° line coincides 
with this point of operation. If the zero power point 
of the condenser is also located at this point, the graph 
indicates steady state power conditions. However, 
since we are considering the application of an additional 
load of x kw., place the zero power line of the condenser 
on the load line equal to the total load as shown in Fig. 
12. Initially, the power in the condenser is zero, so 
that the angle between terminal voltage and field 
structure is zero. Thus, the vertical distance between 
the displaced axes gives the angle between the voltage 
at the sending end of the line and the field structure of 
the condenser, which remains unchanged in the first 
instant after the application of additional load. 

It is apparent from Fig. 12 that the power require- 
ments of the system independent of the reactive kv-a. 
could be satisfied at any point on a locus indicated by 
the intersection of characteristics of the line and the 
condenser, for corresponding terminal voltages, shown 
on the dotted curve. This fixed superposition applies 
when the kw. of the load is independent of terminal 
voltage H,.. In case of a load characteristic showing a 
variation of kw. with E,, it is sufficient to simply slide 
the two superposed curves horizontally with respect 
to one another, as the intersections are spotted in suc- 
cession, keeping the total horizontal displacement equal 
to the power in the load corresponding to the particular 
voltage curves being considered. This same process 
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applies to the consideration of quadrature kv-a. below. 

We can, in very similar manner, satisfy the kv-a. 
requirements independent of the power. In Fig. 13, 
we have made a solution for kv-a. under the initial 
conditions. 

The conditions obtaining upon the addition of a load 
of y kv-a. are as indicated in Fig. 14. 

The dotted curve indicates the possible operating 
range without regard to power requirements. It now 
remains to simultaneously satisfy the power and kv-a. 
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relations. This we can do by superposition of the two 
resultant characteristics when plotted upon a common 
base. We have chosen condenser angle and E, as the 
determining characteristics, but in this example line 
angle and E, could be used equally conveniently. 

When the two preceding loci are thus plotted, we 
obtain Fig. 15, the intersection indicating the operating 
point for the instant immediately following the appli- 
cation of load. Now knowing the receiver voltage and 
the angle of the condenser, we can readily determine line 
angle, line power and the other information desired. 
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The above indicates the approach to the problem but 
certain factors have as yet been omitted from the solu- 
tion. The first is the transient that occurs in the con- 
denser field as the current in the condenser armature 
becomes altered. The condenser characteristic used 
above was made for a fixed value of field current. 
field transient may be taken into account by showing 
this characteristic on’a somewhat different basis. Let 


PER CENT Ep 


0 10 20 30 40 
CONDENSER ANGLE 
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Common Point 


us compute, in advance, the change in condenser field 
current due to transformer action per ampere change of 
each component of armature current. Now construct 


the condenser characteristic in such a manner that for a. 


constant terminal voltage the curve is not drawn for 
constant field current, but at each point for the field 
current which would obtain, in accordance with the 
change of armature current in arriving at this point. 
Since this change of armature current for a given change 
in electrical angle is definite both in power and kilovolt- 
amperes for any particular terminal voltage, the resultant 
change in exciting current which would have obtained, 
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is likewise definite. When in computing later points, 
the conditions to be determined are for an instant at an 
interval of time after some preceding known conditions, 
the increment of field current is computed as a current 
generated equally throughout the interval considered 
and is then attenuated in a corresponding manner before 
being applied. For convenience the time interval 
chosen between computed points is taken equal, in 
order to facilitate the computations and make curves 
useful for more than one point. When the condenser 
curves are thus constructed the solution will automati- 
cally be corrected to allow for the field transient in the 
machine. 

It may be noted that the above method of introducing 
the field transient involves the assumption of field currents 
in the condenser, which differ at each point of the chart 
and do not correspond on the two characteristics. 
However, since the operating point obtained as a solu- 
tion is that point at which the condenser angle and 
terminal voltages are identical on the two character- 
istics, the field currents involved on each characteristic 
at the intersection will be identical and correct for the 
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conditions obtained as a solution. At no other points 
on the curves would this obtain. 

Let us now determine the conditions obtaining after 
a short interval of time.t. The rotor of the condenser. 
has now made an angular movement of 6 deg. given by, 

°=ot+kbare 

where a; is the acceleration due to power increment at 
the preceding point, and w is the relative angular 
velocity at the beginning of the interval; zero in this 
case, but to be included for later points. Also the 
field current increment at the preceding point will have 
attenuated to a new value, even if the armature current 
has remained unchanged during this time ¢. 

First construct condenser characteristics for the new 
attenuated value of field current, correcting the curves 
as before to the field current that would obtain at any 
point that involves an armature current other than 
found for the last-known condition of flux. 

This curve will now be used in conjunction with the 
line characteristic in a manner similar to computations 
for the initial conditions; except that since the rotor has 
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been slowing down and has moved the distance @ be- 
hind synchronous speed position, the pole pieces of the 
condenser have now assumed an angle equal to the angle 
of the preceding point plus the angle of travel. This is 
shown in Fig. 16. It will be apparent that the con- 
denser may be delivering or receiving power at the 
end of this interval different from that at the starting 
time, and that the movement due to this additional 
accelerating force during the interval considered, has 
not been incorporated in the calculations. This is done 
by moving each point of the characteristic curves by 
an angle #.. Since the difference in power between that 
delivered at the preceding point and the new is variable 
during the time interval, we must consider a resultant 
acceleration. If we assume the variation of power to 
be linear with time during the short interval, we find 
that 
1 


A, = igeih 


where a, is the maximum acceleration due to an addi- 
tional power increment during the period, and corre- 
sponds to the difference in power delivered from the 
condenser at the successive time intervals. Hence, 
after choosing a given time interval, we can compute 
what additional movement the rotor would complete 
during the interval by considering the power at the pre- 
ceding point as a base and computing the maximum 
acceleration which would obtain at any other power as 
that created by the difference between that power and 
the power at the preceding point. The additional 
movement due to this is then added to the electrical 
angle of the condenser for each point on the character- 
istic. This may be most readily done by merely ro- 
tating the axis of the power characteristics by the proper 
amount about the power point of the preceding interval, 
and then replotting the characteristic by measuring 
ordinates from this displaced axis. The same change 
_in ordinate for each electrical angle of the condenser 
and terminal voltage is added to the kv-a. character- 
istic of the condenser. 

Where damper winding effects are important they can 
be introduced into the calculations at this point. Since 
these effects are induction motor action which is a 
function of the difference between the angular velocities 
of the rotor and the impressed voltage, we have the 
data for computation of this action. This will be 
facilitated if we consider this action to be the resultant 
of a constant slip velocity equal to the velocity 
w + 144 at, plus a variable velocity equal to 14 a, #. 
Since this variable element can be expressed as a func- 
tion of power at the end of the interval in a manner 
similar to space travel we can predict the damper 
winding effects that would obtain from operation at 
any point and add these effects to the characteristic 
‘of the synchronous machine in the manner indicated for 
power change in the interval. The field windings of 
the machine will give us similar effects, but in compu- 
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tations made for typical cases we have found these 
negligible. 

Succeeding points are now computed in similar 
manner and the progress of the transient mapped out 
point by point. After sufficient time has elapsed for 
regulator action to begin, the field current increment 
due to this cause is also added in at each point, taken 
from a curve for the regulator used on the condenser. 
The process is continued until sufficient information 
is obtained to determine whether the system will or 
will not lose synchronism, and how much voltage fluc- 
tuation is involved. 

From the above the method undoubtedly appears 
more laborious than it really is, although it is admittedly 
not simple, the problem being inherently complex. 
Yet in applying the superposition method, many short 
cuts will be seen; the necessary portion of character- 
istics only need be plotted, etc. For a system such as 
above considered, after the circle diagrams and first 
angle charts are prepared, two practised computers 
may readily determine the effect of a given disturbance 
inaday. Of course, more complicated cases take much 
more time. 

Let us now apply these tools to more complex ° 
systems. Consider the system shown in Fig. 17. For 
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simplicity consider the system broken into two portions 
as indicated by parts A and B. We can prepare 
characteristics for the part indicated as A which will 
show independently the power and ky-a. characteristics 
of the line and generator at the receiver end vs. the 
angle between the voltage at the receiver end of this 
system and the voltage of the impressed field of the 
generators. This can be prepared quite easily in the 
manner outlined below for computations of the ap- 
proximate analysis. These curves, in the form of 
constant field current characteristics, can readily be 
applied to any case by choosing points from curves of 
proper values of field current to make up the character- 
istics which include the subsidiary transients. These 
‘subsidiary effects of changing armature currents can 
be applied to the characteristics in a similar manner to 
that used for condensers in the previous example. It 
will be noted here that the curves are plotted in terms 
of receiver values whereas the factors which enter into 
the computation of the field changes are sending-end 
values. These sending-end values are quite easily 
obtained when the equation for sending-end current is 
noted. 
3 = C,E, ae Det. 
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For any characteristic at constant receiver voltage, we 
may compute the change in sending-end current by 
multiplying the change in receiver-end current by D,. 
Hence the constant D, may be incorporated with the 
transformation ratio of armature to field of the genera- 
tor to make it a vector ratio of receiver-end current to 
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field current. In this case we must compute and include 
the angular swing of the hydro generators as well as of 
the condensers. This is handled in the same manner 
for each, computing with respect to a constant speed 
base. With these modifications the portion of the 
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consideration. The rate of swing of condensers and 
generators will not be the same, so each is computed 
separately, and this shift changed accordingly at each 
point. In this example the movement of the rotor of 
the turbo generator due to governor action, must also 
be considered. The unbalanced force to produce 
acceleration is the difference between electric and me- 
chanical shaft torques. The details of this computation 
of the variation of mechanical shaft torque need not be 
discussed further at this point. 

With these slight modifications we have now reduced 
our data for this system to a form similar to that used 
in the first example and no difficulties of solution should 
be found. 

Let us now consider a system that involves trans- 
mission lines sectionalized by condensers as indicated 
in Fig. 18. The treatment of this case, if modified 
slightly, will also apply when the mid-condenser is 
replaced by a generator, or generator and load. 

The method of attack on this problem is similar to 
that used for previous cases, but is more involved as the 
present example has one additional degree of complexity. 
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system shown in A can be readily handled in a manner 
similar to that of the preceding case. 

The portion B of the system can be reduced to an 
equivalent single electric machine plus a load by adding 
together, as we compute each point, the characteristics 
of the steam generator and the condenser for equal 
angle displacements at the same terminal voltages. 
This is accomplished by superposing the individual 
characteristics with a shift in the direction of the axis 
of angles of an amount given by the angular displace- 
ment of the machines as computed for the instant under 


Power Characteristic of Condenser No. 2 and Steam Generating 


The necessary tools for this solution are character- 
istics similar to those previously used. The power 
characteristics are shown in Fig. 19. It will be under- 
stood that these are to be modified as in previous cases, 
to take care of increment power and subsidiary field 
transients in the interval under consideration. _ 

Fig. 19a is the receiver power characteristic of the 
hydro-generator and the first section plotted against 
angle between the voltage of the impressed field and 
the voltage at the mid-point E’,,. This is similar to one 
of the characteristics used in the preceding example. 
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Fig. 19B is the power characteristic of the condenser 
installation No. 1, plotted against the angle between the 
voltage of the impressed field and the terminal voltage 
En, 

Fig. 19c is a plot of both the sending and receiving 
power characteristics of the second section of the line 
against angle between E,, and E,. This figure, for 
simplicity, shows but one set of terminal voltage 
conditions. 

Fig. 19D is a summary plot similar to 19B for both 
the condenser No. 2 and the steam generator. 
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When the various angles between the field structures 
of machines are known, it will be sufficient to show the 
manner of obtaining the solution at a given instant. 
From an examination of Fig. 20, it willbe apparent that 
the power conditions will be everywhere satisfied for 
any set of terminal conditions given by an arrangement 
of the charts as shown. The ky-a. conditions could 
be similarly treated, but in order to obtain good inter- 
‘sections in this particular type of system it has been 
found advantageous to adopt a slightly different method 
than used in previous examples, although it will be ap- 
parent that a similar group of charts could have been 
set up for solutions for reactive kilovolt-amperes. 

The power charts are moved in position, keeping the 
relations shown in Fig. 20 always satisfied, and from 
each grouping of the power charts we record the power 
and angle of each of the component charts together with 
the terminal voltages assumed. We now tabulate with 
this material the kilovolt-ampere wattless component 
which would be required in each of the two condensers, 
as determined from line charts, in order to make con- 
ditions fixed by these power relations an actual operating 
condition. This then provides us with a tabulation of 
required wattless component of each of the condensers 
against terminal voltage. We also have a tabulation 
of terminal voltages, fluxes and internal angles of these 
same machines as specified by the power components 
of the condenser output. Since each of these sets of 
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data specify the condenser conditions, we now have a 
means of determining the operating point by finding the 
point at which the specifications of operating conditions 
from power and wattless components of load are iden- 
tical. Since condensers one and two must ‘simul- 
taneously satisfy these requirements the solution may 
not be immediately apparent and will be briefly 
outlined. 

Plot the required condenser actions as in Figs. 214 
and 21B. Fig. 214 shows the required input to the 
mid-point condenser for various receiver voltages LE, 
plotted vs. E’,, and 21B in a similar plot for the condenser 
at the receiver end. We have also shown on these plots 
the kv-a. characteristic of the corresponding condensers 
for various angles between the pole pieces and the termi- 
nal voltages. The above figures show graphically what 
condenser angle will be required at each station for 
various combinations of mid-point and receiver voltages 
as specified by reactive kv-a. relations. Since the 
power relations, first satisfied, have also specified the 
angles on the condensers for similar combinations of 


PER CENT Ey 


* | My 10 Toe 1000. 
LAGGING 1000 
KILOVOLT -AMPERES KILOVOLT -AMPERES 


Fig. 214—M1p-ConDENSER REQUIREMENTS 


— 
~ 
oO 


— 
j=) 
Oo 


PER CENT Ey 


wo 
oO 


Z| 
8065 


A 
40 20 0 20 


LAGGING 1000 ~° LEADING 1000 
KILOVOLT-AMPERES KILOVOLT-AMPERES 


Fia. 21B—END-CoNDENSER REQUIREMENTS 


voltage, we can plot the requirements specified by each 
set of conditions and thus determine the operating 
point. From superficial consideration of the above, it 
might appear that a plot of requisite condenser angle at 
each point as determined from power and reactive 
requirements would be sufficient to determine independ- 
ently each of the condenser angles. However, since we 
have an additional requirement that the power and kv-a. 
relations for both condensers shall be satisfied simul- 
taneously—1. e., when all other determining conditions 


of the circuit are identical—we find it desirable to 
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express the angle of each condenser in terms of some 
function common to both. 

We find that the angle of the mid-point condenser can 
be expressed in terms of the first section line angle, 
since the condenser field structure will maintain a posi- 
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tion with respect to the sending voltage in accordance 
with the computed angle 6, plus the angular movement 
due to acceleration during the interval which [is later 
incorporated in the condenser characteristic. Where 
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we have referred to the angle between the pole pieces of 
a machine and the terminal voltage, we mean the angle 
between the space position of the voltage of the im- 
pressed field at the start of the interval and the terminal 
voltage at the end of the interval. Hence we know 
that the line angle of the first section, at any time, must 
equal the line angle at the start of the interval, minus the 


electrical angle of the condenser at the start of the inter- 
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val, plus the angle 0, plus the angular movement of the 
rotor during the interval, plus the electrical angle of 
the condenser. This for computations for conditions 
at any given time reduces to a constant plus the angle 
of the condenser. These relations are shown in the 
vector diagram, Fig. 22. 

In a similar manner we can express the action of the 
receiver-end condenser in terms of the angle of the first 
section of the line by knowing the total angle of the 
system at the preceding point and deducting from this 


80 Condenser and Generator 
B= Operating Locus from Midpoint Condenser 


70. 


70 80 110 120 


90100 
PER CENT Ep 


Fig. 24—SuPERPOSITION OF CONDENSER OPERATING LocI 


the angle necessary in the second section to transmit 
the reactive kv-a. specified for any condenser position 
with the values of H,, and EH, also specified, and adding 
the change in receiver-end condenser angle shown on 
graphs. By this construction we obtain graphs which 
depict the requisite angle of the first section of line 
as specified by the mid-point condenser and by the 
receiver-end condenser which we can superimpose on 
the line angle specified by the power relations as shown 
in Figs. 234 and 23B. These two charts give loci of 
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operation which would be possible as specified by each 
of the condenser characteristics. Now, by superim- 
posing these two loci as shown in Fig. 24, we obtain the 
operating point. ae 

It may be remarked that the power characteristics 
shown in Figs. 23A and 28B are identical but the opera- 
ting point determined from plotting both condenser 
characteristics on one chart is obscure. This results 
from attempting to determine the intersection of two 
lines in space, 2. e. three dimensions—from one pro- 
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jection. However, by transferring the operating lines 
to the above Fig. 24, we obviate this difficulty. 

We have found that the results of the foregoing analy- 
sis may most readily be presented in the form of plots 
similar to those in Fig. 25, which depict results of calcu- 
lations for a system similar to that used in the second 
example. Fig. 25c, which is a plot of line power vs. 
line angle, is found especially useful. If the points are 
plotted upon this characteristic, it will be possible to 
predict whether the system will stay in synchronism 
or go out by the movement of the operating points. It 
can be demonstrated analytically that when the power 
over a section of line decreases as the angle increases, 
that element of the system has entered upon a cycle of 
cumulative unstability. There are many interesting 
features indicated in these curves, but the space avail- 
able is so limited that this discussion must be omitted. 


APPROXIMATE METHODS 


In the preceding we have presented a scheme of 
analysis which, while undoubtedly complicated, has 
at least been simplified and shortened to a considerable 
extent; and in this analysis we have provided for the 
inclusion, we believe, of all the principal factors affect- 
ing the behavior of a power system in the transient 
condition. If some of these factors are left out of con- 
sideration the solution becomes much easier, and, of 
course, a less faithful treatment of actual conditions. 
However, having available complete methods, which 
can be used on important cases as a check, it is very 
desirable to also have available more rapid approximate 
schemes for common use, testing the conclusions arrived 
at by their use either by test or by complete analysis. 

In the discussion of the transmission papers presented 
at the Midwinter Convention last year, as published 
on pages 72-77 of the 1924 TRANSACTIONS the writers 
presented an approximate method for determining 
system stability for a two section line with mid-con- 


_densers and a generating station of such size that varia- 


tions in its terminal voltage could be considered negli- 
gible. This method was based upon the assumption 
that the field structure of the condenser followed the 
terminal voltage instantly and that rate of build-up 
of the Tirrill was so slow that the field transients, due 
to the change of load, were completed before any benefit 
of Tirrill action was experienced. Hence the character- 
istics of equipment considered were those of synchro- 
nous reactance. The application of the same method 
to leakage reactance characteristics was outlined at the 
same time. 

This approximate method of analysis may be ex- 
tended to include the action of systems involving more 


than one generating system feeding into a network, 


together with load action, also at various points. Con- 
sider, for example, a system consisting of a long trans- 
mission line with two generating stations, one at either 


end, and load systems connected at the mid-point 


. 
? 


through another line. Assume condensers, also, to 
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be used here, and a transmission line from this to other 
power systems. The characteristics of the main 
generating system, together with the first section of line 
can in a manner similar to that previously outlined be 
determined from known starting conditions for various 
values of voltage at the junction at this point, but also 
upon the two lines connecting the other systems. 
However, since the condensers operate not only on the 
long line we must obtain the characteristics of the inter- 
connected systems as generators delivering load to 
this junction. As previously outlined we can first 
determine the characteristics of the load at the point of 
connection to their local generating stations. This 
load characteristic must now be used in parallel with 
the generating stations, the combined effects of which, 
for varying system voltages, can be computed quite 
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readily as indicated in Figs. 264 and 26B. These 
figures are plotted characteristics of the generator and 
line power vs. reactive kilovolt-ampere for a given ter- 
minal voltage at the generating station. The generator 
characteristic given is one of constant field current cor- 
responding to initial conditions and the line character- 
istic indicates conditions for various voltages at the 
junction with the main transmission system. A group 
of figures for various generator terminal voltages is 
used in the computations. The method of construct- 
ing these superimposed charts is to locate upon the gen- 
erator chart a point corresponding to the total kilovolt- 
ampere and kilowatt of the load at the particular ter- 
minal voltage to be considered. Place upon this point 
the origin of the kilowatt and kilovolt-ampere axes of 
the line chart with proper attention to orientation 
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ot axes of chart. When the charts are thus arranged 
it will be noted that the given load has been divided 
between the lines and the station as indicated by 
the intersection of the field current line of the gen- 
erator and the line characteristic corresponding to 
the voltage being considered at the junction with the 
main transmission system. The determination of the 
line characteristics for varying junction voltages is thus 
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rendered simple and the load characteristics are prop- 
er:y introduced. In locating the center of the line 
chart for voltages other than normal, we determine the 
power and reactive components from the load 
characteristics. 

Hence we can build characteristics for the several 
lines and stations connecting at the junction, at which 
point the characteristics may be combined. We can 
combine for common junction point voltages, but some 
other determining condition is also necessary, since 
voltage alone does not completely fix the system. 
We take this condition to be equal increment angle 
changes in all the interconnecting lines. That is, when 
the voltage at the junction falls back to a certain angle 
on the main line, we assume it to experience an equal 
change when viewed from any other line. This in- 
volves the assumption that the rotors of all generators 
in the network drop back in phase together, or that the 
rotors of all generating equipment remain fixed rela- 
tively during the switching disturbance. 

Having obtained a combined characteristic for power 
at the junction, which for convenience we have plotted 
in the same form as a generator or line chart, it remains 
to superimpose the combined characteristic of the con- 
denser and the sending-end of the next section. In 
previous analyses, we have superimposed the kilovolt- 
ampere of condenser and load on the receiver-end charts 
of a line to determine the stability curve, but here this 
would be inconvenient, since the various lines to the 
junction have varying sending voltages. Therefore, 
we determine the kilovolt-ampere at the receiving end 
of each of the lines for corresponding junction-point 
voltages and equal increment angles for various trans- 
mitted powers, from which we deduct the kilovolt- 
ampere taken by the condenser at any given terminal 
voltage. The resulting kilovolt-ampere are summar- 
ized and plotted against the transmitted kilowatt. 
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These values are then plotted in the same manner, as 
are the kilowatt and kilovolt-ampere of a generator, 
to obtain a characteristic which depicts the equivalent 
generator action of the system combined at the junc- 
tion. 

From here on, this is used as a single generator of 
characteristics as found above, making combinations 
where necessary, and with the analysis completed as 
for the compound line. 

From this example it will be evident that an approxi- 
mate solution of this sort may be readily extended by 
similar methods to those here described, to give results 
for quite complicated networks. 

These approximate methods are, of course, more 
easily applied than the more complete method. How- 
ever, the neglecting of the effects of inertia and field 
transients is so loose an approximation that it may 
render misleading results obtained by the short method. 
One purpose of the point-by-point method is to deter- 
mine, by the examination of specific cases, whether the 
approximations made in shorter analysis are justified. 
An example of this use was given in the discussion 
mentioned above and need not be repeated. 

The advantage of the shorter method is that it may 
be applied rapidly to complicated systems. The results 
obtained, while they must until examined by complete 
analysis or test be regarded simply as indications of 
the probable behavior of the system, are often of much 
interest. 

With this reservation, we present in Fig. 27 and Fig. 
28, the results of such approximate analysis of a system 
consisting of a two-circuit long line supplied by hydro 
generators, and with an intermediate condenser station, 
as well as a condenser at the receiving end of the line, 
One curve sheet, Fig. 27, gives the stability for condi - 
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RECEIVER POWER IN 1000 KILOWATTS 


Fig. 28—OreraTING CHARACTERISTIC OF GENERATOR AND 
TRANSMISSION Upon SupDENLY Dropping ONE SECTION OF 
LINE WHEN DetiveriIneG 291,000 Kintowatts INITIALLY 


tions obtaining with one section of one transmission 
circuit out of operation, field conditions of alternators 
being adjusted for full load operation under this con- 
dition. The other, Fig. 28, gives the curve obtaining 
when the section is suddenly dropped at time of full 
load. These curves, in terms of power against percent- 
age of normal receiver-end voltage, give an indication 


of the stability of operation, since they show the way — 


in which voltage will vary for a sudden load change. — 
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The fact that the second curve shows the load to de- 
crease with decrease of voltage, even at the full voltage 
point, indicates that this system upon suddenly drop- 
ping a section, becomes unstable. In this case the 
line was 240 miles long, 220-kv., 60-cycles per second, 
and the characteristics of apparatus were taken typical 
of standard apparatus, and therefore not specially 
designed for this service. With condensers and genera- 
ting equipment more suitable for the service, a similar 
analysis upon dropping the section indicated stability. 

The approximate analysis is valuable as an indication 
of performance, especially when backed by complete 
analysis of typical cases for comparison. Our experi- 
ence, thus far, has been that results obtained by the 
two methods correspond satisfactorily when syn- 
chronous impedance charts are used in the approximate 
method. This is not, however, a general conclusion, 
and each system configuration is a separate problem in 
itself. 


CONCLUSION AND COMMENTS 


We have outlined in this paper certain methods of 
analysis of the behavior of power systems during 
transient conditions. We have confined the paper to 
an exposition of methods. As a result of our experi- 
ence in using these methods, we have several suggestions 
which we believe will assist others in their application 
to specific problems. 

The stability of systems is greatly influenced by the 
characteristics of the connected machines. Hence it 
becomes desirable to obtain comparisons between 
machines of different designs from the standpoint of 
their relative effects in the maintenance of stability in a 
system.’ We find this can be most readily accomplished 
by analyzing their performance when connected to a 
typical simple system, using approximate analyses. 
However, the process should be checked by occasional 
complete analyses in order to make sure that the result 
of introducing approximations is to affect each machine 
studied to substantially the same extent. For example, 
the use of an exciter system of more rapid response will 
undoubtedly influence the comparison between alter- 
nators, and may even render a different approximation 
more nearly applicable. That is, it may become 
advisable to use the assumption of constant air-gap 
flux in the approximate methods of comparison when 
such an exciter system is used rather than the as- 
sumption of a complete subsidence of field transient 
such as appears to give more dependable results when 
the exciter system responds slowly. A complete 
analysis will determine the matter. It is also advisable 
to analyze the effect of the machine studied in different 
networks in order to be sure that the simple one adopted 
as a basis for comparison will give results which are 
not misleading. 

It appears, from approximate analyses we have made 
of complicated networks, that a disturbance may often 
produce instability in a single element of the networks, 
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and that when this occurs the network as a whole will 
become unstable provided the element 1s of a magnitude 
comparable with the remainder of the system. 
Whether approximate analysis indicates correct con- 
clusions in such a case can of course be determined by a 
point by point analysis. Even when the network is so 
complex that a complete analysis would be very labor- 
ious, the question may often be settled by the com- 
putation of two points only to give the direction in 
which operating characteristics begin to vary after the 
first instant. The approximate analysis based on 
transient reactance gives the solution for the first of 
those points applying to the instant after the applica- 
tion of the disturbance. The second point, if refine- 
ments are considered unnecessary may even be com- 
puted in the same manner after introducing computed 
angular differences. 

We have found in examining the behavior during 
disturbances of a portion of a system, such as a trunk 
transmission line, that widely different results are 
obtained according to whether this element is treated 
as a separate unit or in connection with the network to 
which it connects. Hence, in examining the design 
of such an element of a system, it is advisable to make 
at least some complete analyses of the entire system. 
The influence of a connecting line depends not only 
upon its line constants but also upon those of any 
generating stations and load to which it ties the main 
transmission unit. 


Discussion 


V. Karapetoff. The method of solution of the problem of 
power surges, developed by the authors, may be called that of 
solution of differential equations by finite increments. While 
in the paper the differential equations themselves are not written 
down explicitly, they are understood to hold true. These 
equations express the condition that an excess of mechanical 
energy, applied to a synchronous machine, partly accelerates 
(or retards) its revolving masses, partly is delivered to the 
bus through a change in the torque angle, and the rest is delivered 
to the bus through the asynchronous action of the damper 
winding!. This is expressed analytically as 

(J/p) Qm d w/dt + Ws (0 — 0m) + Wod 6/dt =AP (1) 
where the first term represents the rate of change in the stored 
kinetic energy in a rotating mass of moment of inertia, J, the 
second term represents synchronous power due to a change in the 
torque angle from its mean value 6, to an instantaneous value 
6, and the third term represents the power transmitted through 
the damper winding. The term A, P on the right-hand side, is 
the applied excess power which causes the surge. Such an 
equation may be written for every synchronous generator, 
motor, or condenser in the system. In addition, we have re- 
lationships of the form 

d 6/dt = w — we (2) 

where wp is the angular velocity of the vector of the bus vector 

and w is that of the machine, both at the instant under con- 

sideration. For each bus, the value of wx is different because 

of the properties of the transmission line. For a section of such 
a line we may write 

WN Corn — of!) = DAP (3) 


1. E. Arnold, Wechselstromtechnik, Vol. 4, p. 384. 
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where wr’ corresponds to wz at the other end of the line and N is 
the slope of a power curve, such as are shown for example in 
Fig. 10 of the paper. In other words, N is the rate of increase 
in power transmitted, per degree in the change of the angle be- 
tween the receiver and the generator voltages. 

All the equations of the types (1), (2), (3), form together a 
system of simultaneous differential equations which expresses 
the complex phenomenon of hunting within the limits of the 
assumptions made. Further equations may be added to take 
into account centrifugal, governors, voltage regulators, machine 
transients, ete. While the foregoing equations are linear with 
constant coefficients, so that their solutions may be written down 
directly without much trouble, the purely algebraic complexity 
of these solutions makes them almost useless in all but the 
simplest cases. 

The method of finite increments consists in taking small finite 
values, At, of time and computing the values of 6 and d 6/dt at 
‘the end of each interval At. For example, at the first instant of 
application of A P, we must put in eq. (1): 6 = 6, and d 6/dt 
= 0. Hencedw/dt may be computed directly. Assuming 
this value of dw/dt to remain constant over a small interval of 
time Aé, will give directly the values of 6 and d 6/dt at the 
end of the interval. Substituting these values in eq. (1), a new 
value of dw/dtcan be computed, ete. Of course, the method is 
quite tedious, but is apparently the only one feasible if the 
results are to be derived by computation, and not experimentally. 

Sometime ago the present writer proposed a similar method of 
solution for high-frequency transients on transmission lines and 
constructed a computing device to facilitate the actual obtaining 
of numerical results.® 

F. C. Hanker: The problem of stability in power systems 
has become one of increasing importance as a result of the rapid 
increase of electric supply systems. In the early days, a great 
many of the troubles were caused by the variation in angular 
velocity due to use of reciprocating prime movers. It was 
found; however, that difficulty was experienced, even with tur- 
bine-driven units, in operating synchronous apparatus on trans- 
mission lines of high impedance values, and field tests made some 
twenty years ago at the suggestion of Mr. Lamme developed 
empirical data that were sufficiently accurate to meet conditions 
existing prior to a few years ago. 

During the power survey made in 1920-1921 in the North 
East Atlantic States, studies of transmission of large blocks of 
power from the St. Lawrence indicated instability. Mr. Baum 
had been working on the same problem, and the analytical 
studies suggested the use of intermediate regulating stations. 
It was recognized that systems were operating satisfactorily 
under similar conditions when prime movers with drooping speed 
characteristics were driving the machines used for regulating 
purposes. There was some discussion, however, as to the 
stability of synchronous condensers operating in this way, and 
it was for the purpose of studying this and other important phases 
of the problem that the tests made in 1923 were conducted. 

These tests were reported to the Institute in a group of papers 
presented at the 1924 Midwinter Convention. Since that 
time, we have continued our analysis of the problem, supple- 
menting it with tests to develop data on specific phases. It is 
very reassuring to find that there is a very general interest in 
the problem, and that the importance of it is recognized. In 
addition to the studies that are being made from the standpoint 
of bulk transmission, the operating companies are making careful 
analysis of the conditions that exist in power systems. This will 
give us a great deal of fundamental data that will be extremely 
valuable as supporting the analytical work. 

The authors state “There are only three ways in which 
knowledge necessary for proper judgment can be gained.” It 

2. V. Karapetoff. Double Integraph for Electric Line Transients; 
Sibley Journal of Engineering, 1925, Vol. 39, p. 243; also the Bulletin No, 4 


of the Engineering Experiment Station of the College of Engineering, 
Cornell University. 


BUSH AND BOOTH: POWER SYSTEM TRANSIENTS 


Transactions Ave leetietie 


appears that they have overlooked one of the most important 
sources of information, and one in which the variables are con- 
sidered in their proper relation. I refer to tests made on actual 
operating systems where the layout corresponds to the condition 
to be analyzed. A number of tests of this character have been 
made, more are now under way, and it is to be hoped that further 
tests will be carried on. The very active interest of the operating 
engineers in this problem, and their cooperation in carrying on 
these tests, give us the assurance that data necessary for support- 
ing analytical studies will be available. 

As the authors have pointed out, it isnecessary in the theoret- 
ical studies, to make assumptions as to the characteristics of a 
number of the variables involved. It is this necessity in con- 
nection with analytical studies that makes it important that 
supporting data be made available. 

The investigations that we have made have indicated that the 
single-phase short circuit with its subsequent switching is the 
most severe practical condition to be met in operation. Ob- 
viously, a system cannot be economically designed to insure 
continuity of parallel operation under a three-phase short cireuit 
that would reduce the voltage on the interconnecting lines to 
zero. On extremely high-voltage lines, the construction is such 
that the occurrence of a short circuit involving all conductors 
is extremely rare and ean be practically eliminated from con- 
sideration as the final criterion. In the present state of the art, 
single-phase faults from one conductor to ground are to be ex- 
pected, and for such condition, we consider it reasonable that 
the system be designed to maintain continuity of service. 

A short circuit to ground may involve a considerable increase 
in the true power demand on the generators, depending upon the 
location of the fault, and the ohmic resistance of the ground cir- 
cuit. In our study of this problem, we find that under certain 
conditions, the usual method of governing by speed only in- 
creases the tendency to instability. It is desirable to reduce the 
amount of power transmitted during a disturbance, and with 
the relation between generator inertia and line impedances 
found on long lines, sufficient time is available to effect this 
by closure of the water-wheel gates, provided the actuating 
impulse is started at nearly the same time the short circuit oc- 
curs. The control device to do this would probably be a relay 
operating on ground current, Hep wily ecpoduches current, reactive 
power, or increment of true power. 

Tests have been made on a large power system, which show 
that the oscillation produced by, disturbances are damped out 
very rapidly, hence after the control point has been passed, the 
gate may be opened again, the whole operation lasting perhaps 
15 seconds. The deficiency in energy at the receiver end of the 
line, due to thes hort circuit and partial closure of water-wheel 
gates, can be readily supplied from the kinetic energy of the 
rotating apparatus there, and by temporary overload of the 
steam plants. 


We are making a study of the normal action of steam-turbine 
and water-wheel governors to determine their effect on stability, 
when they are grouped together at the receiver end of a line. 
Due to the large number of stations, it is impracticable to at- 


tempt to use any auxiliary control on the governors, and only 


their normal operating characteristics can be considered. 


C. L. Fortescue: The authors of this paper have undertaken 
the difficult task of presenting in detail a step-by-step method of 
computing the effects of power transients in transmission sys- 
tems. On starting to read this paper I was quickly conscious 
of the inherent difficulty of presenting a subject of this nature 
in a paper, and I can fully sympathize with them in these 
difficulties. 


I have gone over this paper several times with some care and © 


believe I am safe in saying that it would require fully a week 
of careful study before anyone not thoroughly familiar with the 
authors own particular methods could apply them to the solution 
of transient problems. There are so-called short cuts that in 
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my estimation save little time and are confusing to use, as for 

example the arrangement illustrated by Figs. 3,4and5. Inmy 

opinion the circle diagram without the other attachments would 
’ be much more understandable and just as easy to use. 

We have made analyses similar to those described by the 
authors. However, our methods are, I think, more direct and 
simple although they take into. consideration all the factors 
which the authors have considered. I cannot help feeling that 
they have made a difficult problem still more difficult. Some 
of the statements in the paper are very obscure, as for example 
the statement regarding computations for condenser angle at the 
bottom of the first column on the eleventh page. My under- 
standing of this statement is that the field current is determined 
on the basis that during the initial transient the magnetomotive 
force acting on the main field remains practically constant. 

The proper way of presenting a subject of this kind is of course 
by direct example, that is to say, carrying out the computations 
step-by-step with the pupil and showing the method of cuper- 
imposition actually. It may be as the authors state that in a 
description these methods popes to be more complicated than 
they really are. 

I believe, however, that graphical superimposition methods, 
however appropriate they may be for illustrating the behavior 
of a system under certain abnormal conditions, do not lend them- 
selves to accurate point-by-point analysis. In point-by-point 
analysis, the accuracy of each succeeding computation depends 
upon that of the previous one, consequently small errors become 
cumulative resulting in quite large errors in the final results and 
after all, the point-by-point computations are only steps leading 
up to the final result which determines whether the set up under 
the conditions assumed is stable or not. 

I would like to point out that the circle diagram which the 
authors use is a simple modification of the circle diagram which 
we have used in the past. I am quoting verbatim from our 
paper of last winter’s convention. *® 


“PROOF OF THE CriRCLE DIAGRAM 


“From this point a proof of the circle diagram is readily de- 
rived. The conjugate equations of (2) may be written: 
L, =(a—-jB)E£ s-(1-ja £, 
I, = =(y-J 5) Bh =e —jB)E, 
“Multiplying J; by #, and J, by H, we obtain the power at 
generator and receiver respectively. 
Ps. gy Oe =H,I, = (a =i) J E, Es 5 (y =) E, Es 
P, +jQr = Ey I, = (vy —j 5) Ez EH, — (a —7 B) E, E, 
but #, #, = Hand #, LE, = £, 
If we let H, be the datum line and EH, = H, ¢«/° then Yop oe 
= E, E, «f° and’ E, E, = E, E, 7°. Sabetitaune in above, 
-P, +7 Q2 = (a —j B) FE. — (y —j 8) E, E,e?® (4) 
P, +5 Oy = (y —j 8) FE, Ep e?? — (a —j B) Ee (3)” 
Dividing (4) by #,2 and (5) by #2 


Fem IT Os 


pee MMT Dla! bared Ot gees 
P, yf (om . $s —76 . 
bet Be = (7 —-ja) E, me Cog Jos) 


A circle diagram which has many advantages is obtained by 
dividing both equations (4) and (5) by #, H, giving 


Ps On 2 er ec EL. 
E. B, +IF my Tae Cee) E, (y —js)e 
iP ° Qs . j0 . 

a _ - — — 7B 
E, By see) E, Ey (y —j de (@ = 7B) E, 


Divide equation (4) by Z,? and equation (5) by #,? and we have 
the two systems of concentric circles which the authors used. 


3. Some Theoretical Considerations of Power Transmission, C. L. 
_ Fortescue and C. F. Wagner, A. I. E. E. Journat, February 1924, page 106. 
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Moreover the angular relation between sending and receiving 
voltage is not lost, thus equation (4) says that the locus of 
Ps, + 7 Qs; is given by a — 7 B and the radius vector drawn from 


€ €9, 


E 
this point — (vy —jé) E The angle 6 being the lag of 


$ 


over H,, the data from which to measure being obtained 

& 
by equating @ to zero. 

I wish to say. that when plain vectors are under consideration 
there is no excuse for using Cartesian analysis since an appropriate 
algebra for such vectors already exists, being merely the algebra 
of complex numbers. The only precaution necessary in deal- 
ing with electrical quantities represented by vectors is to remem- 
ber that the vectors are not the actual quantities but merely 
represent them; the actual quantities are scalar and may be 
represented actually by the sum of two conjugate vectors. The 
advantage of the above method of analyzing the transmission 
power problem is that the angular relation between sending and 
receiving voltage is preserved and its relation to the power sent 
over this circuit is plainly seen. 

While the authors have taken a great deal of pains to present a 
method of computing the behavior of transmission systems they 
have said very little in regard to methods of improving the be- 
havior of such systems. While the Company with which I am 
connected has been quite busy in making extensive computations 
in connection with the stability of transmission systems they have 
been still busier in attempting to find means to improve the stabil- 
ity. The following is a brief résumé of some of the most prom- 
ising means of accomplishing this. 

(a) High-Speed Excitation and Special Machine Character- 
istics. When a sudden load is thrown on a system there is an 
instantaneous drop in voltage at the load point. If a regulator 
ean be obtained sufficiently sensitive with a high-speed exciter the 
field of the condenser or generator at this point may he kept from 
decreasing and actually increased. As an actual fact during the 
field transient the field circuit has no effective inductance and the 
only resistance the electromotive force of the exciter has to 
overcome is the resistance of the field itself, so that there is a 
decided advantage in quick action outside of the effect on 
stability. The same exciter if it were to operate after the field 
transient had died out would take very much longer to build up a 
field to the same value. 

Special machines can be designed having characteristics which 
lend themselves to stability. The theoretical basis of this may 
easily be obtained by the consideration that generators, synchro- 
nous motors, condensers, ete., are merely extensions of the trans- 
mission line; their internal characteristics will therefore have 
considerable bearing on stability. 


(b) Intermediate Condenser Stations. Intermediate condenser 
stations having condensers of suitable characteristics are es- 
sential for economic transmission over long distances. There 
are other advantages which cannot be measured in dollars but 
which may be more important. Properly chosen characteristics 
for the condensers may result in considerable increase in the 
stability of the system. 


(c) High-Speed Circwit Breakers. In ease of short circuit 
in any section of the transmission system it is advantageous to 
eut out the faulty section as quickly as possible. Where the 
fault occurs near the generating station due to the sluggishness of 
hydraulic governors the generators may fall in speed quite con- 
siderably before the circuit breaker opens. After the circuit 
breaker opens on regaining equilibrium there is a tendency to 
overshoot due to gathered inertia to such a point that the ma- 
chine gets out of step. A sufficiently quick acting circuit breaker 
takes care of this condition very effectively and also will take care 
of most conditions of trouble arising in transmission systems. 


(d). Governors. A complete paper could be written on steam 
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and hydraulic governors and such a paper would I regret to say 
deal chiefiy with their shortcomings. I feel that there is room for 
a great deal of improvement and such improvement will come by 
studying their charzcteristics in connection with the problem of 
stability. 

(e) Increasing the Number of Sectionalizing Points. The 
shorter the sections of transmission line that are cut out due to a 
fault, the less effect the cutting out will have on stability. There- 
fore, increasing the number of sectionalizing stations will improve 
the stability of the system. There is, however, an economic 
limit to this method determined by the number of circuit breakers 
required for each additional sectionalizing station. 

(f) Neutral Impedances; Selective Impedances. Since most 
of the troubles connected with transmission lines are due to 
grounds, power stability may be preserved by the introduction 
of neutral impedances or resistances. The objection to this 
method of preserving stability is the tendency to produce voltage 
transients in the transmission system endangering insulation and 
apparatus. Sinee most short cireuits are single-phase or un- 
symmetrical therefore an impedance which will impede the 
negative-sequence component of current without offering 
impedance to the positive-phase component of current will help 
secure stability. 

In our study of the problem of stability we have attempted to 
steer a course between analytical methods and practical experi- 
ment. Since the analytical solution at its best is very involved, 
one can hardly expect engineers of utilities or technical advisers 
of syndicates to accept the results without some practical back- 
ing. We are preparing papers to be presented shortly before 
this Institute showing our method of analyzing these problems 
but we prefer to hold back this information until we can get 
actual data in the field, substantiating our results. Tests are 
under way now to procure this data and so far results appear to be 
very promising. I may say that the results indicate that all the 
investigators of stability under transient conditions including 
ourselves have been too pessimistic. I am glad to say that we 
have been the least pessimistic and are therefore more nearly 
right. 

I wish to emphasize that in a problem so involved as in the one 
that the authors treat of, analytical solutions alone carry very 
little weight and they must be backed by actual practical demon- 
strations on existing circuits. Demonstrations without artificial 
transmission lines and models are not satisfactory. The method 
of point-by-point analysis using an artificial transmission line 
described by Messrs. Spencer and Hazen offers a great deal of 
promise. There is also a possibility of working out kinematical 
models which will embrace all the essential elements of the 
problem. I think that work along these lines should be encour- 
aged. I think a machine is much more adaptable in working out 
problems of the character than a human being. 

F. G. Baum: The problem of stability is one that has been 
with us for more than twenty years. If you will examine the 
Transactions of the Institute of twenty odd years ago you will 
find a great deal of space taken up by discussions of the question 
of hunting of synchronous motors, and the hunting between 
parallel stations. 

The problem as presented by Professor Karapetoff was covered, 
I think, as early as twenty odd years ago, and for those of you 
who haven’t followed the transmission work particularly and who 
wish to study it, and to begin in an elementary way, I suggest 
you look at a paper published in the Electrical World, March 29, 
1902 on “‘Synchronous Motor Stability and Overload Capacity 
Curves.”” You will find there many of the curves given by 
Messrs. Booth and Bush. They are curves given in pecentage of 
voltage, percentage of current, and so forth, so they are appli- 
eable for any scale that you wish to take, whether it is 110,000, 
150,000 or 220,000 volts or something beyond that. 

It has been my pleasure and privilege to be connected with 
transmission work for nearly thirty years, and I have found the 
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subject so interesting and so broad that I haven’t done much of 
anything else. But the transmission has been rather a disap- 
pointing part of the system, I may say, until within the last few 
years. It seems as though transmission was always lagging be- 
hind the power-station work. The power stations and the trans- 
formers were always ahead of the transmission lines. We 
never could get the capacity over the transmission lines that it 
would appear to be necessary, from the demands of the power 
stations and the power-consuming loads. 

About five or six years ago, realizing that that condition con- 
fronted us, I made a study of the 220-kv-a. system. And I must 
say that the first time I ever got a real kick out of making trans- 
mission calculation was when I calculated a 220-kv-a. system; 
for it appears that for the first time we have a transmission system 
that is commensurate with the generators, and the large-size 
generators, water-wheels, transformers, and loads required at the 
present time. 

As I say, realizing that five or six years ago, I reeommended 
that we build a 220-ky-a. ‘system to bring power from 
the northern part of California down to San Francisco, as I 
felt that without a high-voltage system of this kind it could 
not be economically done. 

In a large system like the Pacific Gas and Electric Company, 
many problems of stability are solved by Nature. For example, 
on our system for about twenty years we have not operated with 
all the governors on the system trying to take hold of the load. 
You can not do that, but you eliminate and block the governors, 
and one or two stations at the most become the clearing house for 
kilowatt-hours. That simplifies your governor operation very 
materially and resolves it, then, to an infinite bus practically and 
a smaller unit with a fluctuating load. 

With the 220-kv-a. system, it is necessary to operate with 

condensers on the system. You cannot do it without them. 
That makes it possible to simplify the operation to a very much 
greater extent, for just as we have one or two stations furnishing 
a clearing house, so to speak, for the kilowatt-hours, we have one 
or two stations furnishing a clearing house for the kv-a. 
. It is the lagging ky-a. that pulls the power system, and if you 
ean prevent that lagging ky-a. from pulling the voltage out of the 
system, and if you can keep the actual kv-a. necessary to maintain 
the reaction pressure tangent to the voltage circle, you are not 
going to have instability. It is impossible to have instability 
with the current and pressure in phase. It is only when they get 
out of phase, at cross-purposes, that you get instability. 

Finally, I may say this: It appears, that now for the first time 
we have a transmission system which is commensurate with the 
needs of the industry, but apparently we also have a trans- 
mission system that is inherently suited to outdoor operation. 
It seems, that we can never defy the lightning or the 
weather conditions in other respects. 

C. F. Wagner: The authors of the paper mentioned the 
subject of high-speed excitation but have not stressed its im- 
portance sufficiently. I wish to emphasize high-speed excitation 
as a means of improving the stability of long-distance power 
transmission systems. 

Introducing the effect of generators and condensers reduces the 
ability of the system to withstand disturbances as compared with 
the line alone. Suddenly increasing the lagging current drawn 
from an alternator or condenser increases the demagnetizing 
effect. The flux, however, cannot change instantly. At the 
first instant current is induced in the field windings and eddies in 
the pole pieces of such magnitude as to overcome this demagneti- 
zing effect. The eddy currents in machines without damper 
windings are relatively small and to simplify the discussion will be 
neglected. The voltage required to circulate the additional 
field current is supplied by the change in flux through the field 
windings and is equal to the increment of 7R drop in the field 
circuit. With hand regulation the flux will decrease until the 
total IR drop in the field winding is again equal to the exciter 
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voltage. In effect, a hand-regulated machine introduces an 
artificial internal series reactance although it is in part com- 
pensated by the larger artificial internal voltage. 

The voltage coils of automatic voltage regulators of the Tirrill 
type are connected across the terminals of the generator. On 
sudden application of lagging ioad the internal-drop reduces the 
terminal voltage which in turn closes the regulator contacts 
and inereases the exciter voltage. If the exciter voltage could be 


built up instantly to such value corresponding to the new IR 
drop of the field currents the flux would remain constant. Actu- 
ally, however, the exciter voltage builds up along a very definite 
During the interval while the drop in the field winding 


curve. 


is greater than the exciter voltage, the flux in the main machine 
decreases in a manner similar to that discussed for hand regula- 
tion. The flux will continue to decrease until the exciter voltage 
is equal to the drop in the field windings. An excess of exciter 
voltage over IR drop increases the flux. 

From the foregoing it can be seen that the faster the exciter 
voltage increases the smaller will be the decrease in flux. This is 
what the high-speed exciter attempts to accomplish. Note 
particularly that the high-speed exciter relies not upon changing 
the flux in the main machine but rather upon annulling the effect 
of the armature demagnetizing current. Of course, the slower 
the field of the machine the smaller will be the flux change, but if 
the increase in exciter voltage is always of such value as to annul 
very quickly the effect of any reactive current that might reason- 
_ ably oceur then it would be more desirable to have a fast field and 
a high short-circuit ratio. 


Fig. 1 is an oscillogram taken during some tests on a 10,625- 
kvy-a. 100 rev. per min. alternator in which 4350 kv-a. leading 
load was thrown off. This simulates the condition of suddenly 
increasing the lagging load as would be the case during short 
circuits. Dropping leading load simultaneously decreased the 
terminal voltage. After an interval due to the lag in the regula- 
tor and relays the exciter voltage begins to increase as shown. 
This lag can be made practically zero by arranging an extra 
pair of contacts in parallel with those of the regulator and opera- 
ting them from the fault ground current or from reactive kv-a. 

The rest of the story is self-evident. The loss of magnetizing 
armature current induces an equivalent current in the field wind- 
ing. This current decreases for an interval but the rapidly in- 
creasing exciter voltage soon annuls this action and increases the 
field current. In the meantime the terminal voltage is increas- 
ing with the field current until a voltage is reached which causes 
the regulator contacts to separate. The exciter voltage de- 
creases and after a series of oscillations settles down to normal no- 
load conditions. 
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The effect of high-speed excitation upon the flux is better 
illustrated in Fig. 2. These curves were prepared from test data 
and indicate the change in exciter terminal voltage and flux of 
main machine as the armature current is increased from zero 
to rated-value zero power factor. Curves marked a represent 
the conditions for hand operation, curves marked 6 for standard 
exciters and curves marked c for high-speed exciters. The load 
was applied at an instant when the exciter. voltage had reached a 
minimum value to represent approximately the worst condition. 
For hand operation the flux decreased enormously; with the 
standard exciter the decrease was still quite considerable; but 
with the high-speed exciter the decrease was negligible. With 
this type of excitation transient conditions may be calculated 
using the assumption of constant flux through the field windings, 
z..e., that component of flux in phase with the rotor. It should 
be noted that high-speed exciters do not control the cross flux, 
this being a funetion of armature current only. 

While it is true that the stability of a high-voltage trans- 
mission system can be increased by the application of high-speed 
exciters with fast regulators of the Tirrill type, its utility is not 
universal, in fact quite the contrary. Their application to gen- 
erators connected to transmission lines in which the resistance is 
about equal to or greater than the reactance decreases the stabil- 
ity. For this case hand regulation or slow-speed exciters and 
rheostatic regulators are preferred. In this connection it should 
be noted that the general stability of a system cannot be increased 
by speeding up the excitation of synchronous equipment at the 
end of distribution lines, which usually have high ratio of resist- 
ance to reactance as compared with high-voltage transmission 
lines. 

In the event of a disturbanee which unbalances the voltages 
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power factor lagging. 
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such as a line-to-ground fault, it is of course necessary that the 
regulator contacts close and remain closed. This may not occur 
if the regulator is connected in the usual manner. Rather than 
decreasing the voltage of the phase to which the regulator is 
connected analysis has shown that the disturbance might in- 
erease the voltage. Proper action can be insured by connecting 
the regulator through a network which passes only the positive- 
sequence voltage. 

High-speed exciters increase the duty on cireuit breakers, but 
this is probably not an insurmountable difficulty. 
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R. C. Bergvall: Mr. Hanker and Mr. Fortescue have pointed 
out that ordinary switching operations are not the limiting con- 
ditions which have to be met in considering stability. The 
limiting condition is the ability of the system to remain in syn- 
echronism during short circuits and during the switching opera- 
tions following the abnormal conditions set up by the short 
circuits. Experience has shown that line-to-ground short cir- 
cuits constitute about 90 per cent of the system disturbances and 
particular attention must, therefore, be paid to maintaining 
stability under these conditions. With two systems tied to- 
gether by two parallel transmission lines, it is practically impos- 
sible to maintain synchronism if a three-phase short circuit o¢- 
curs near the generating station or the substation, because the 
voltage on the tie line is reduced to zero. Various methods have 
been considered in an effort to inerease the possibility of main- 
taining synchronism, such as rapid relay operation or making the 
transformer a unit with the line as Mr. Thomas proposed at the 
1924 Midwinter Convention, thereby interposing the trans- 
former reactance between the bus and the short circuits. How- 
ever, in most cases the necessity for flexibility in switching of the 
high-tension lines makes it impossible to lay out the system in 
this manner. 

The engineers of the Westinghouse Company have been 
actively investigating the effect of line-to-ground short circuits 
during the past year. The importance of making such investiga- 
tions can best be seen by considering a line-to-ground short cir- 
cuit having 5000 amperes of ground current. This corresponds 
to a loss of 25,000 kw. per ohm of ground resistance, which is an 
appreciable kilowatt load to throw on a system already carrying a 
heavy load. 

The magnitude of the ground resistance is an indeterminate 
factor. A bushing circuit on a transformer would have practi- 
cally zero ground resistance while a tower located on rocky soil 
would have considerable ground resistance. The worst condi- 
tion would be some value of ground resistance between the zero 
ground resistance and the extremely high ground resistance, 
provided it was desired to maintain stability under all line-to- 
ground short circuit conditions. 

The problem of determining stability in the case of line-to- 
ground short circuits is complicated by the presence of un- 
balanced currents and voltages and by the, opening of circuit 
breakers before the steady-state condition has been reached. 
When the circuit breakers open the entire load is immediately 
transferred to the other transmission line and pull-out is likely 
to result because of the sudden change in load at the same time 
that the system conditions have been disturbed by the short 
circuit. 


The calculation of single-phase short-circuit currents by the 


commonly used methods on an extensive transmission network 
is difficult because the currents and voltages are unsymmetrical 
and each phase is inductively coupled in the transmission lines, 
transformers and rotating machines. Furthermore, all rotating 
machines, provide a distinct phase-balancing action which tends 
to restore symmetry in voltage and current. A solution of a 
problem of this type is to be published by R. D. Evans in 
a future issue of the Electric World. Essentially it is an applica- 
tion of the method developed by C. L. Fortescue for the 
general solution of unbalanced polyphase circuits. Briefly, the 
voltages and currents of the three-phase grounded-neutral cir- 
cuit are resolved into the positive-sequence, negative-sequence, 
and zero-sequence components, which do not react upon each 
other and may be considered independently. With normal 
balanced loads only positive-sequence voltages and currents are 
present, but in the case of a short circuit to ground all three 
sequence components are involved. 

The method employed in investigating the possibility of pull- 
out occurring during line-to-ground short cireuits consists of 
substituting equivalent impedances in the circuit to represent the 
zero-sequence and negative-sequence components, thereby 
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leaving only the positive-sequence components which may be 
handled by the usual methods. 

S. B. Griscom: As already pointed out in the discussions 
certain disturbances on transmission systems, notably the 
single-phase, line-to-ground short cireuit with the subsequent 
line switching may produce large oscillations in the phase posi- 
tion of the generators about the angle corresponding to their 
mean output. The system must be designed so as to withstand 
disturbances which are of common occurrence. Thismeans that 
the maximum operating load must be considerably less than the 
power limit of the line. On the other hand, economic considera- 
tions demand the transmission of the maximum power possible 
per dollar of transmission investment. 

Two general courses of action are available to increase the 
economy of transmission. The theoretical power limit of the 
line may be increased by proper design of the line, including the 
associated apparatus, or the effect of disturbances ean be reduced, 
enabling a smaller factor of safety to be chosen. 

The group of papers presented in February 1924, and the dis- 
cussions on them, considered in a general way the use of syn- 
chronous condensers located at points along the line for the pur- 
pose of increasing the amount of power that could be transmitted 
over the circuits. This scheme was first proposed by F. G. 
Baum, in a paper before the A. I. E. E., in 1921. 

We have since made an extended ‘study of this system which 
has shown its utility. For transmitting a given amount of 
power over a line, a certain amount of reactive power must be 
supplied to it depending on the voltage conditions. The usual 
method is to supply this at the two extremities cf the line; by 
the generators at one end, and by synchronous condensers at the 
other. 

On long lines it is necessary to sectionalize at cn» or more 
points, so that in event of trouble, it will not be necessary to cut 
out too large a proportion of line. These sectionalizing points 
are ideal locations for the installation of synchronous condensers, 
since switch structures and attendants are already there. 

By installing condensers at these points, the maximum opera- 
ting load may be increased, and the voltage regulation at inter- 
mediate points greatly improved. This is especially desirable 
for future interconnections or loadings at intermediate points. 

The theoretical limit of a long line may be made to approach 
the limit of the longest section between points where synchronous 
machinery is installed, depending upon how well the machines 
can maintain the line voltage. By the use of machines designed 
with this object in view, and by using a high-speed exciting 
system in conjunction with them as mentioned in one of the 
discussions the regulation can be made very good. 

Our studies have shown that it is economically possible to 
increase the permissible load on a 250-mi., 220-kv. line about 
25 per cent by means of suitable installation of synchronous 
condensers at intermediate points. 


The other general method of increasing the carrying capacity 
of transmission circuits is to lessen the effect of short circuits in 
causing pull-outs between supply and receiver ends. One method 
which shows considerable promise is to use an auxiliary control 
on the governing mechanism, as already mentioned. 
Another method under consideration is to use circuit breakers 
on the main transmission ‘circuits, which would operate at speeds 
considerably higher than those in use at the present time. The 
utility of this scheme is readily apparent when we consider that 
if the breaker could be opened at the instant of short circuit, the 
condition would be in effect only that of line switching, which is 
much less severe. 3 


Up to the present time, no data is available as to the maximum 
speed that can be attained by circuit breakers in interrupting 
large currents at 220 kv.. In order to get an idea of what can 
be gained by using different speeds of circuit breakers, some 
calculations were made on stability during single-phase-to- 
ground short circuits, when the faulty section of line was cut out 
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at different time intervals from the instant the short circuit 
occurred. The results of these calculations are presented in the 
form of curves, showing the variation of angular position of the 
generator rotors with time, for a typical transmission system. 

By referring to the accompanying curves, it will be noted that 
if the circuit breaker opens at the instant of short circuit, there 
is very little relative movement in phase position of the rotors 
of the generators with reference to the load. If the short circuit 
is permitted to hang on for 0.2 seconds, a somewhat greater swing 
takes place. For 0.4 seconds, the swing is of such a large 
magnitude that on the second half cycle of mechanical oscil- 
lation the systems pull apart as indicated by the fact that the 
angle continues to increase with time. The same is true with 
any time of breaker opening up to 1.0 second. From 1.0 to 1.6 
seconds stability can be maintained. From these curves, it is 
evident that if the period of oscillation is of the order of one 
second, the stability of the system can be greatly improved by 
the use of sectionalizing ericuit breakers which open the circuit 
within 0.2 seconds after a short circuit occurs. 

If the natural period is greater, a correspondingly higher 
maximum time is permissible. These curves show clearly the 
element of chance, due to erratic relay or breaker operation, 
and explain why a short circuit may cause pull-out on one occa- 
sion and not on another when conditions are apparently identical. 

Aside from the question of lessening oscillation of the genera- 
tors and other synchronous machines, the use of high-speed circuit 
breakers would be of material assistance in minimizing voltage 
decrement due to demagnetization. On this account, their 
rupturing capacity must be increased, although the use of a 
special excitation system might independently impose this 
requirement. | 

It may be somewhat premature to mention the use of high- 
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speed circuit breakers of this type, when none have thus far been 
developed, but the principle purpose of this discussion is to point 
out possible methods for improving stability. 

V. Bush and R. D. Booth: <A number of the discussions 
treat of improvements of transmission system and correlated 
apparatus and need no further comment in connection with a 
paper devoted to methods of analysis. 

Prof. Karapetoff’s discussion is an admirable presentation of 
the fundamentals upon which the methods of the paper are based, 
and undoubtedly adds completeness and clarity to the entire 
subject. It might, however,be in order to point out that the 
differential equations used by Prof. Karapetoff are linear and also 
that the coefficient N,—the rate of increase in power transmitted 
per degree change of the angle between the receiver and generator 
voltages—is constant. The methods presented in the paper per- 
mit analysis of those problems in which the equations are non- 
linear, and the coefficients are not constant. 


Mr. Baum’s discussion of the progress of the art of transmis- 
sion and of operation of systems involving long transmission lines 
is of general interest. We presume that Mr. Baum refers to 
steady-state rather than transient conditions when he says that 
practically infinite bus conditions at the sending generators can 
be obtained by blocking’ the governors thereof. 


Mr. Waener’s discussion of the possible benefits of high-speed 
exciter systems and Mr. Griscom’s studies of the advantages of 
high-speed circuit breakers are of great importance to the 
industry. We presume that Mr. Griscom’s curves of desirable 
operating times apply only to a particular system and for partic- 
ular values of are resistance. Also we presume that Mr. Wag- 
ner’s discussion of the limitations of high-speed exciters is based 
upon specific data regarding are resistances and operating times 
of breakers and governors. 


Testing High-Tension Impregnated Paper- 
Insulated, Lead-Covered Cable 
BY EVERETT 8S. LEEK* 


Associate, A. I. EE. 


Synopsis.—The increase in voltage rating of cables has necessi- 
tated that the tests to assure satisfactory cable be more adequate than 
as standardized at present. This has resulted in an intensive study 
of the tests previously standardized, development of new tests, and the 
design and manufacture of suitable testing equipment to meet the new 
testing requirements. 

Measurements are made upon cables to determine the following 
properties of the insulation: 

Insulation Resistance 

Dielectric Strength 

Dielectric Power Loss and Power Factor 

Capacitance 

Ability to Withstand Bending 

Insulation Resistance: This measurement is being made in the 
same way on cables of all voltage rating. . The results of the test on 
high-tension cables are of doubtful value as a criterion of the swit- 
ability of cable for use. Continued study of this measurement should 
be made. 

Dielectric Strength: Suitable testing equipment for satisfying the 
requirements of the increased voltages in dielectric strength tests has 


been made available. ,This includes sine-wave generators, adequate 
testing transformers, appropriate cable testing terminals. 

Data is given from which conclusions are drawn as to the magni- 
tude and duration of test voltages. The adequacy of these values will 
become known through experience. The need for field testing is 
shown. 


Dielectric Power Loss and Power Factor: The tendency is to 
extend the measurement of dielectric power factor to include each reel 
length to be shipped. The Schering Bridge for making such meas- 
urements is described. The need for standardizing the testing 
procedure for power-factor measurements is shown. 


Testing Installed Cable: The study of so-called “current-time 
curves” for rating installed cable should be continued. Preliminary 
measurements made at high frequencies as a means of rating in- 
stalled cable did not show the results to be immediately usable. 

Testing With Direct Current: Data is given to show the d-c.- to 
a-c.-ratio of breakdown voltage of some samples of 12 kv.-3-conductor 
cable. Tests indicate that the d-c.-to a-c.-ratio will depend upon 
many conditions such as nature and structure of the material, 
thickness of the material, temperature of the material, shape and 
size of electrodes, and rate of application of the applied potential. 


HE report of the Transmission and Distribution 
Committee of the A. I. E. E. for 1923-1924 con- 
tains the following significant statement:! 

“The most important development during the past 
year has been the evidence that the cable specifications 
of the N. E. L. A. and the present Standards of the 
A. I. E. E. do not insure satisfactory cable for the 
higher operating voltages. 

“This subject is now receiving attention from the 
manufacturers as well as the users of high voltage 
cable and as a result of these studies, it is hoped that 
it will be possible: 

First, to make the necessary changes in manufacturing 
processes and materials so as to secure a satisfactory 
cable for operation at the higher voltages, and 

Second, to devise a method of testing high voltage 
cable which will determine its operating characteristics 
in advance of its installation.” 

The present paper discusses some phases of the 
second of these two objectives, not that such a method 
for which engineers are eagerly searching has been 
finally devised, but because a discussion of the condi- 
tions under which the present tests are applied may be 
helpful in so modifying them that they may be made 
more adequate. 

The tests at present standardized for determining 

*General Engineering Laboratory, 
Schenectady, N. Y. 

1. For references see Bibliography. 


Presented at the Midwinter Convention of the A. JI. EH. E., 
New York, N. Y., February 9-12, 1926. 
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the suitability of cable for use as regards the insulation 
are as follows: 


I. A. Iie Ee Stondards 1922.5" 
A. Tests to be made on each length to be shipped. 
1. High-voltage test 
2. Measurement of insulation resistance . 
3. Measurement of capacitance 
B. Test to be made on samples (10 ft. of lead) 
1. Measurement of ultimate dielectric 
strength 
IT. N. E. L. A. Specifications for Impregnated Paper- 
Insulated, Lead-Covered Underground Cable,1922. 
A. Tests to be made on each length to be shipped 
1. High-voltage test 
2. Measurement of insulation resistance 
B. Test to be made on one reel length per 15,000 
ft. of cable 
1. Measurement of dielectric power lossand 
power factor at about 85 deg.cent 
C. Test to be made after installation when cable 
is installed by the manufacturer 
1. High-voltage test 
D. Tests to be made on samples 


1. Measurement of dielectric strength 
2. Bending test 
a. Wrinkling of lead; _ dielectric 


strength; visual examination 
b. Deformation 
3. Measurement of ulesie: power loss 
and power factor. 
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The electrical characteristics represented in the 
above tests include all that are now known. The 
problem is to apply them so that unsatisfactory cable 
may be separated from satisfactory cable without harm- 
ing the latter. The following discussion on this subject 
will, in the main, refer only to high-tension cables with 
paper insulation treated with mineral compound for 
circuits rated above 12 kv. The results of tests in- 
cluded in this discussion were obtained from commercial 
cable manufactured prior to Jan. 1, 1924, except as 
may otherwise be noted. 


INSULATION RESISTANCE 

Insulation resistance is measured after the high- 
voltage test on the entire length to be shipped, ‘meas- 
uring the leakage current after a one-minute electrifica- 
tion with a continuous e. m. f. of from 100 to 500 volts, 
the conductor being maintained negative to the 
sheath.? From the results so obtained, a ““Megohms 
Constant” is calculated so that cables of different 
dimensions may be directly compared. The increase 
in voltage rating of cables has brought about no 
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LenerHs oF 3-ConpuctTor 33-Kv. TREATED PApER-INSULATED 
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real change in method of making the insulation resist- 
ance measurement nor have new difficulties therein been 
encountered. Humidity may still be a disturbing 
factor by increasing the leakage, though a recent 
suggestion of surrounding the insulation testing set 
and operator with a sheath wire, heated by circulating 
current to keep the testing set dry, has proven entirely 
effective in eliminating the leakage without causing 
discomfort through overheating of the test booth. 

Although measurements of insulation resistance have 
been made on cables for years and are still being made, 
the results as determined by the standardized procedure 
are of doubtful value as being indicative of the suit- 
ability or unsuitability of cable for use. It was 
recently noted that a nail hole through the lead to the 
paper of a 3-conductor 22-kv. cable caused no notice- 
able change in the megohms constant derived from 
measurements made daily after a period of two weeks, 
the reel being immersed continuously in water. En- 
larging the nail hole to the size of a quarter and con- 
tinuing the measurements daily for two months with the 
reel immersed has not materially changed the megohms 
constant from its original value of 3000 before the nail 
hole was made. 

Although not sensitive to such conditions, results 
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are obtained showing sensitiveness to other factors 
which are not easily determinable. Fig. 1 shows the 
values of megohms constant obtained from the measure- 
ment of 18-reel lengths of three-conductor 33-kv. cable, 
manufactured to the same specifications during a 
period covering three months. The ratio of the highest 
reading to the lowest is in the order of 5 tol. Values 
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of power factor for each length at 85 deg. cent. at 
rated voltage, are also plotted and show all lengths of 
the cable to be of low power factor. The ratio of the 
highest to the lowest power factor value is 3 to l. 
Fig. 2 shows similar values for 18 reel lengths of three 
conductor 12-kv. cable, showing characteristics similar 
to those of the 33-kv. cable, Fig. 1. The relation 
between power factor and insulation resistance is noted to 
be generally inverse, though not consistently so. These 
results indicate a relatively wide range of insulation re- 
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Fig. 3—Maaoums Constant or Reet LENGTHS oF 3-Con- 
pucTOR 22-xv. TREATED Paper INSULATED CABLE, TREATED 
IN SAME TANK aT SAME TIME 


sistance for cable, all of which is apparently satisfactory. 

Fig. 3 shows the megohms constant obtained from 
measurement of eight lengths of three conductor 22- 
kv. cable made from the same kind of paper, treated with 
the same compound in the same tank at the same time. 
The ratio of the highest value to the lowest is 4 to 1, 
yet there has never been any ‘evidence that any one 
length was more satisfactory cable than another. 
In general, the ratio under these conditions averages 
more nearly 2.5 to 1. For the same kind of cable 
treated in different tanks, however, ratios of 5 to 1 
and even 10 to 1 are not uncommon. 

It appears, therefore, that insulation resistance 
measurements are being made on cables of the higher 
voltage rating just as they have been made for many 
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years on cables of lower voltage rating. 'The measure- 
ment, though comparatively simple, is of little real 
value as a means of distinguishing between good and 
poor cable. Measurements made at higher direct 
voltages may prove to be more useful but such have 
yet to be more thoroughly investigated. 


DIELECTRIC STRENGTH 


The criterion of a satisfactory cable is that it shall 
successfully operate at its rated voltage in the system 


Fig. 4—S1NE-W ave SyNcHRONOUS Motor-GENERATOR SET 

Generator rated three-phase, six-pole, 400 ky-a. 12 rev. per min., 900 volts 

Motor rated, three-phase, four-pole, 100 h. p., 1200 rey. per min., 550 
volts 


Fig. 5—Wave Suapes or Sine-Wave GEneRaATOR, RATED 
THREE-PuaseE, 400 Ky-a., 1200 Rev. Per Min., 900 Votts 


Upper curve, no-load voltage wave 
Lower Curve, voltage wave, Load’ of 1242 ft., three-conductor, 33-kv. 
cable at 85-kv. 


to which it is connected and for which it is designed. 
This requires that every point along the entire length 
of the cable must be dielectrically strong and continue 
to be so. The only means now available for deter- 
mining initially the suitability of a cable as regards 
dielectric strength is to determine the ultimate dielec- 
tric strength of samples of the cable by breaking them 
down under electrical tension, and then applying a 
lower electrical tension for a given time to similarly 
made cables in lengths intended for use, the value and 
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time of application of the test voltage being chosen 
so as to separate such cable as is dielectrically weak 
from that which is dielectrically strong without harming 
the latter. The final criterion for the effectiveness 
of this test is experience. 

The increase in voltage rating of cables has introduced 
difficulties into the testing procedure of dielectric 
strength tests, but these are being overcome. At the 
present time the best samples of single-conductor 
cable for 66-kv. three-phase circuits have a breakdown 
voltage on short-time test of from 300 ky. to 350 kv., 
while the best samples of three conductor cable for 33-kv. 
three-phase circuits have a breakdown voltage on short- 
time test of 200 kv. High-voltage tests in the factory 
on long lengths of the former cable are. conducted at 


Fic. 6—WaAveE SHAPES OF GENERATOR, RaTED THREE-PHASB, 
75 Kv-a., 500 Rev. per Mrin., 550 Vouts, In UsE ror TESTING 
Case 15 Yrars Aco : 

Upper Curve, no-load voltage wave 


Lower Curve, voltage wave, load of 702 ft., three-conductor, 12 kv. 
Cable at 40 kv. 
from 100 kv. to 150 kyv.; on the latter cable at from 
82.5 kv. to 95 kv., the time duration being from 5 min. 
to 15 min., depending upon conditions. Such values 
as these require testing equipment of high voltage and 
high kv-a. rating which must conform to standardized 
requirements, such that the voltage wave shall ‘‘approx- 
imate as closely as possible a sine wave.” In this 
phase of the work substantial progress has been made. 

Fig. 4 shows a motor-generator set rated 400 kv-a. 
at 1200 rev. per min. and 900 volts, of which the no-load ‘ 
voltage wave, and the voltage wave when connected 
through transformers to 1242 feet (three reel lengths) 
of 3-conductor 33-kv. cable at 85 kv., are shown in 
Fig. 5. The characteristics of these waves are: 


Deviation Form 
Load Factor Factor 
No load gactaios. Other 152% 1 Lis 
Cable load of 1242 ft. 
of 3-cond. © 33-kv. 
eable at 85 kv...... 1.0% 1 Ut 
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Fig. 6 shows wave shapes as obtained from a genera- 
tor which has been in use for cable testing, for 15 
years, rated 75 kv-a. at 500rev. permin. and 550 
volts, of which the characteristics are: 


Deviation Form 
Load Factor Factor 
INOOn.d Same Lien ce 2.8% 1.117 
Cable load of 702 ft. 
of 3-cond. 12-kyv. 
cable at 40 kv. ...... 30.9% 1.103 


These comparative values indicate the substantial 
progress which has been made in the generator design. 
‘The excellent characteristics of the waves shown in 
Fig. 5 for the modern generator are all the more 
remarkable when it is considered that they are for a 
load with leading current and of extremely low power 
factor. 

The wave shapes of the modern generators are well 
within the required limits for testing with sine wave 
shape and for measuring voltage with a voltmeter 
following any of the standardized methods, such as 
through an auxiliary ratio transformer or by means of 
a voltmeter coil placed in the testing transformer. 
Ratio transformers being necessarily quite large for 
use at the high voltages now required, the voltmeter 
coil placed in the testing transformer becomes a most 
useful means for making the voltage measurement. A 


Fig. 7—T wo O1L-Fintep Caste TERMINALS, ASSEMBLED AT 
THE ENDS or a SAMPLE OF CABLE FOR A 66-Ky. THREE-PHASE 
Circuit, ror Untimats Dis.ectric STRENGTH TEST UP TO 
240 Kv. 


paper on testing transformers has been recently 
presented to the Institute,? in which paper also is 
included a discussion of voltage measurement together 
with apparatus available for such measurement. 
Probably the greatest single difficulty confronting 
the cable tester when making dielectric strength tests is 
that of applying the voltage to the cable, it being 
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66 kv. three-phase circuit. 
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necessary to so prepare the cable ends that they will 
withstand the high voltage without breakdown or 
flashover, and so that the break will occur under the 
lead and not in the end-bell. For tests on reel lengths in 
the factory where the voltages applied for three minutes 
are not above 100 kv. between conductors for three- 


Fie. 8 


' Fie. 8—Omu-Fiituep CaBLE TERMINAL, REapyY FoR ASSEMBLY 
- TO A SAMPLE OF SINGLE-CONDUCTOR CABLE FoR A 66-Kvy. THREE- 


PuHase Circuit, ror Untrmate Dienectrric StrenetH TxEstr 
uP To 350 Kv. 


Fig. 9—O1L-FILLED CABLE TERMINAL ASSEMBLED TO A 
SaMPLE OF SINGLE-ConpucTOR CABLE FoR A 66-Kyv. THREE- 
Puase Circuit ror Untimate DieLtecrric StrenctH TEST 
uP To 350 Kv. 


conductor cable or between conductor and sheath for 
single-conductor cable, the problem is not so difficult, 
there being several designs of end-bells in use. The 
usual method is to apply an inverted paper cone to 
the cable end, which is then filled with petrolatum 
hot enough to pour. Pressed paper or fibre tubes 
are frequently placed over the separate conductors 
of three-conductor cable. 

For single-conductor cable where the test voltage is 
above 100 kv., a most satisfactory means of applying 
the electrical tension has been found to be through the 
application of a terminal made of a porcelain oil-filled 
bushing of standard design provided with suitable 
fittings for proper application to the cable. Fig. 7 
shows two such terminals attached to a sample of single- 
conductor cable with 30/32 in. treated paper for a 
Terminals suchas these have 
been regularly used in testing reel lengths of single- 
conductor cable in the factory where the test voltage 
has been 150 kv. for both five-min. and for 15-min. 
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application; also for ultimate dielectric strength 
tests up to 240 kv. which is the dry flashover voltage 
of this terminal. Figs. 8 and 9 show a larger terminal 
ready for assembling to the cable end, and as assembled 
to the cable end, the former showing how the cable end 
is prepared before the terminal is applied. This is 
done by removing a suitable length of the lead and 
then building up over the factory insulation with black 
varnished cloth, covering a portion of this with copper 
wire or flattened string solder to carry the ground 
potential of the sheath up over the reinforced insulation 
a suitable distance to properly distribute the stress. 
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Fig. 10—BREAKDOWN VOLTAGE-TIME CurRvES aT 25 Dra. 
CENT. FOR SINGLE-ConpDucTor CaBLE SAMPLES WITH 9/32 IN. 
TREATED Paper INSULATION 


A terminal such as shown in Figs. 8 and 9 has a dry 
flashover voltage of 350 kv. and if the cable remains 
sound, it is absolutely satisfactory for use in testing 
cable samples up to a breakdown voltage of that value. 
Flashover of the terminal may result at a lower value 
from disturbances which may occur in the cable, in 
which event a larger terminal may be used. 

A terminal such as shown in Fig. 7 weighs 155 lbs. 
with fittings, and for a factory test on a reel length at 
150 kv., where it is not necessary to build up the cable 
ends with varnished cloth, it requires the time of two 
men for two hours to apply the terminals and’ remove 
them. A terminal such as shown in Fig. 9 weighs 
375 lbs. with fittings, and for an ultimate dielectric 
strength test where the cable ends must be built up 
with varnished cloth, it takes two men a day to apply 
the terminals and remove them. The use of such 
terminals has made possible satisfactory tests of 
dielectric strength without the difficulties usually 
attendant the use of built-up end-bells, and represents a 
most gratifying advance in the art. Suitable terminals 
are available for the entire range of voltages required in 
making dielectric strength tests on single-conductor cable. 

No satisfactory built-up end-bell has yet been devised 
for testing 3-conductor cable samples for ultimate di- 
electric strength where the breakdown voltage is in 
the order of 200 kv. An average gradient of approxi- 
mately 250 volts per mil seems to be about the maxi- 
mum voltage where a built-up end-bell following the 
usual designs can be used in ultimate dielectric strength 
test of 3-conductor cable with satisfaction. Above this 
value, breakdown usually results in a crotch failure 


LEE: PAPER-INSULATED CABLE TESTING 


Transactions A. I. BE. E. 


between conductors in the end-bell. Out of 12 samples 
recently tested where the probable failure would be in 
the order of 200 kv., every sample failed at substan- 
tially lower voltage in the crotch in the end-bell, which 
failures were preceded by excessive leakage over the 
conductor insulation. Efforts to prevent crotch 
failures have been made in practise by the use of 
different filling compounds, such as petrolatum, linseed 
oil, and transil oil, but as yet without success. The 
use: of long treated paper tubes over the separate 
conductors has not bettered the results measurably. 

Theoretical considerations and calculations indicate 
that the excessive leakage stress can be kept below 
safe values only by so designing the external surface 
of the end-bell that it follows essentially the curve of 
the conductors as they diverge.. This is not simple 
to do in a built-up end-bell. From a review of all of 
the factors, it is felt that the best plan is to use a three- 
conductor oil-filled cable terminal following the practise 
above suggested for testing single-conductor cable. 
The early use of such when results will be available 
for report is contemplated. 

Even with proper equipment available for conducting 
dielectric strength tests, the problem of determining a 
satisfactory suitability test still remains. The long 
established test voltage for cables of two and a half 
times normal rated voltage applied for five minutes‘ 
has apparently not. been satisfactory for the high- 
tension cables. Such a test, of course, only establishes 
the condition at the time this is illustrated by the 
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Fig. 11—Breaxkpown VoutaGe-Time Curve at 50 Daa. 
CENT. FOR SINGLE-ConDUCTOR EXPERIMENTAL CABLE SAMPLES 
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results shown in Fig. 10. Ten samples of 2/0 A. w. g. 
single-conductor cable insulated with 9/32 in. treated 
paper insulation were tested, five for ultimate dielectric 
strength (short-time step-up test) and five for endurance 
dielectric strength at 44kv. at 25deg.cent. The 
curve connecting the resulting points takes the charac- 
teristic form of that for fibrous materials. The normal 
rating of the cable and standardized test voltage on 
long lengths of such cable are indicated. The life 
of the cable at 44 kv. is many hours, and at rated 
voltage in operation, it is several years; the initial 
test, however, covers only the first few minutes. 
Similar results are shown in Fig. 11 for single-conductor 


| Fig. 13—Breaxkpown 
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experimental cable with 30/32 in. treated paper insula- 
tion, and Figs. 12 and 13 for three-conductor cable for 
33 kv. circuit. These results show also the longer life 
of cables on endurance run at 50 deg. cent. as compared 
with life at 25 deg. cent. which results are consistently 
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Fig. 12—Breakpown VouraGce-Time Curve at 25 Dkze. 
Cent. ror THREE-CoNnDUCTOR CABLE SAMPLES WITH 19/64 IN. 
TREATED PapmrR INSULATION ON HAcH ConpucTor AND 7/64 In. 
OVERALL BELT 
noted on treated paper cable with different treating 
compounds and different kinds of paper. The better 
performance of round conductor as compared with 
sector conductor with the same insulation thickness is 
also shown. 
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The two factors involved in the high-voltage suit- 
ability test are magnitude of test voltageand duration of 
application of same. It would be most impracticable 
to apply the test voltage on all lengths for the time 
durations shown in Figs. 10 to 18. Fifteen minutes 
has been suggested rather than the present value of 
five minutes. The evidence available does not indicate 
that such an increase would be of any real value. A 


long time test on a sample length from each lot of 


cable would, however, be of considerable value. In- 
creasing the magnitude of the test voltage would 
appear to have merit. The value would have to be 
finally determined by experience, though an immediate 
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increase in the order of 50 per cent. over present 
standardized practise. for single-conductor cable, and 
about 20 per cent increase for three-conductor cable does 
not seem excessive, the lower value for the three-conduc- 
tor cable being justified because of the inherent differ- 
ences due to construction. 

In this connection there arises again the question of 
the mechanism of breakdown. If the total number of 
cables and cable samples examined after breakdown 
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Fic. 14—TrMPrerATURE Rise oF SHEATH, SINGLE-CONDUCTOR 
Caste SaMpPLeE witH 9/32-IN. TREATED Paper INSULATION, 
44 Ky. APPLIED 


on dielectric strength test to determine the reason 
for such, was known, the number would be appalling, 
yet the answer is still wanting. An examination of 
many cable samples examined after breakdown allows 
of a classification of such into two general classes; 
(1) those where the puncture is radial and clean, and 
(2) those where the puncture is accompanied by 
deterioration irregularly throughout the matail. 
In the latter case many so called ‘‘partiai failures’’ 
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or failures through only a portion of the layers of the 
insulation are frequently found. Invariably in single- 
conductor cable these extend out from the conductor 
part way to the sheath, while in three-conductor cable 
the failure seems to form in the center of the insulation 
between conductors and extends towards the 
conductors. 

Efforts to determine the “germ” of a breakdown have 
been made by subjecting samples of single-conductor 
cable insulated with treated paper of 9/32 in. thickness. 
to a voltage of 44 kv., exploring the sheath for hot spots. 
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and removing the voltage when a hot spot is found 
before breakdown occurs. Figs. 14 and 15 show the 
temperature rise on the sheath of two such samples. 
When examined, the sample of Fig. 14 showed failure 
to have started under the hot spot. The first five layers 
of tape from the lead sheath in were normal. A black 
spot, which developed as other layers of tape were 
removed, was found on the sixth tape. Toward the 
center many small burned spots appeared and a few 
so-called “tree designs’” were found. .The sample of 
Fig. 15 also showed failure to have started under the 
hot spot. The first twenty layers of tape from the lead 
sheath in were normal. Extensive tree designs ap- 
peared in three regions around the hot spot, together 
with a dark spot on the twenty-first tape. The designs 
in the center region continued in for 12 layers and then 
disappeared. The designs in the other two regions 


Fig. 16—Desiagn APPEARING ON THE SURFACE OF THE T'APES 
or TREATED PApPER-INSULATED CABLE RESULTING FROM THE 
APPLICATION OF ELECTRICAL TENSION 


joined together 24 layers in and then faded into a burn 
through the remaining nine layers, the dark spot noted 
above continuing through to the burn. The nine 
inner layers had been creased and torn, and the burn 
extended down through the tears, but no burn was 
noted in the layer next to the conductor. 


The tree designs noted are as shown in Fig. 16, and 
are as recently reported before this Institute’ and by 
others®. These designs were traced on the surface of 
the tapes, the pattern coinciding for adjacent tapes but 
differing on both sides of the same tape. The design 
could be scraped off with a knife; it did not appear to 
follow the fibres. Such. designs have been noted pre- 
viously in laminated treated-paper tubes subjected to 
high electrical stress, their presence being found in 
definite fissures between the laminations. 
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The appearance of many more: tree designs in the 
sample of Fig. 15, which judging by the temperature 


‘rise and the radial burned spot had approached nearer 


to breakdown indicate, possibly, the formation of the 
tree designs after the beginning of the tendency to radial 
breakdown. The samples represented by Figs. 14 and 
15 were not tightly wrapped, there thus being less 
lateral dielectric strength. Similar tests, with tightly 
wrapped paper, have not shown tree-designs though 
partial radial failures were present. From the shape 
of the designs and the length of time required for com- 
plete failure under these conditions, it would appear that 
these are formed either locally in a small air space as a 
result of electrical discharge caused by overstress, or 
more extensively throughout the laminations because of 
low lateral dielectric strength. Their presence recalls 
the need for consideration of both radial and lateral 
dielectric strength in laminated structures. It is felt 


that a continued study of these phenomena is merited. 


From the results shown in Figs. 10 to 15, it is seen 
that the initial high-voltage test is quite unable to 


detect faults which may later come into existence from. 


conditions, some of which become known but many of 
which remain unknown. This points to the need of 
testing during operation. The phenomena here 
shown are, of course, at higher values of electrical 
stress than ‘under rated conditions, yet these apply, in 
so far as unexplained failures occur at the rated electrical 
stress and the time factor is present. In this very con- 
nection there. has just come to the writer’s attention’ 
a case in practise where a 17-kv. cable joint was poorly 
made, the evidence showing that an air space of 3% 


in. was left therein, which was not detected during the 


high-voltage test at 48 kv. The joint failed later, 
during operation, from lightning. 


DIELECTRIC POWER LOSS AND POWER FACTOR 


The measurement of dielectric power loss and power 
factor of cables for service has in the past been mainly 
confined to measurements on short samples at voltages 
up to rated and temperatures up to 100 deg. cent. and 
on sample reel lengths at rated voltage and temperature 
of 85 deg. cent’. The tendency is to extend these 
measurements to include each reel length to be shipped, 
measuring the power factor thereof at room tempera- 
ture at voltages varying from approximately 14 rated 
to 21% times rated. The change in power factor be- 
tween these voltage limits is noted, the theory being 
that there should be no change in power factor if the 
insulation is homogenous, the measurement being made 
outside of the breakdown voltage range. . 


Such a measurement requires considerable change in 
application of the methods previously employed for 
measuring dielectric power loss and power factor. The 
means employed and the calculations involved must be 
simple enough for manipulation by the factory testing 
personnel under factory working conditions. The 
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range required for cables in use at present is approxi- 
mately as follows: 


Power factor, from 0.002 up, particularly in the range 0.002 
to 0.04. 

Voltage, 5 kv. to 100 kv. 

Current, up to 1 ampere, current leading. 

Accuracy, power factor to within 0.002. 

Frequency, 25 to 60 cycles. 
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Fig. 17—D1aGramM oF CONNECTIONS OF SCHERING BRIDGE. 
R4 Non-Reactive Variable Resistor 
B—Cable C4 Variable Air Condenser 

C, Air Condenser G—Galvanometer Detector 

R3 Non-Reactive Variable Resistor E—Safety Gaps 


A—Transformer 


Several methods are applicable to this measurement 
no one of which is entirely free from objections. One 
method which gives promise is that of the Schering 
Bridge, which has been described in various issues of 
the technical press’. The diagram of the connections is 
shown in Fig. 17. A description of the equipment used 
in such a set-up, which is proving to be satisfactory, is 
as follows: 

The standard air condenser C; is a 3-plate condenser 
following a design previously described.!’ All of the 
plates are mounted on a common base and are fixed to 
give a capacitance of 4 x 10-” farads. The overall 
dimensions are 10.5 ft. long, 4 ft. wide, and 7.5 ft. high. 
The non-reactive resistor R; is of high-resistance low- 


temperature coefficient alloy, wound in two sections 


connected for minimum reactance. The rated current 
is 1 ampere, and taps are provided to give approximate 
resistances of 5, 10, 20, 40 and 60 ohms. 

The detector G is unique in that a permanent magnet 
galvanometer recently developed for detecting alter- 
nating currents of low value is used. This is shown in 
Fig. 18. An ordinary three-stage audio-frequency 
amplifier is used with the galvanometer, thus giving the 
desired sensitivity. The galvanometer moving system, 
entirely immersed in oil, is free from the effects of 
external vibration so that the required sensitivity is 
obtained without need for elaborate means of protecting 
against the effect of external vibration. 

The non-reactive variable resistor R, is of standard 
design with a maximum resistance of 11,110 ohms. The 
variable condenser C, is of standard design parts, hav- 
ing a maximum capacitance of 0.16 x 10-* farads, 
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The safety gaps consist of two contacts separated 
by two cigarette papers, which form of gap has in the 
past proven effective. Any discharge through the 
cable or the condenser goes to ground through the break 
produced in the paper. The standard air condenser 
in the above set-up has been short-circuited during 
operation at 50 kv. with no effect on the apparatus or 
the operator. The entire measuring apparatus, with 
the exception of the air condenser and detector, is 
mounted in a glass-covered case with manipulating 
handles for safety to the operator, extending through. 

The operation of the bridge for a given reading is 
quite simple. The bridge is balanced by varying R, 
and C, until a balance is obtained as noted by the de- 
tector. Rzremainsconstant fora givenrange of readings, 
and the power factor is calculated from the equation, 

Power factor = 27fC.R, 
where F is the frequency 
C’, is the capacitance in farads of the variable 
condenser C, 
R, is the resistance in ohms of the variable re- 
sistor Ry. 

If it is desired to obtain the dielectric power loss, the 

equation is, 


R 
Watts = 27f feat C,, E? (power factor) 
3 


where, in addition to the factors defined above, R; is 
the resistance in ohms of the resistor R;, C, is the 
capacitance of the standard air condenser C2, and E is 
the applied voltage in volts. 


Fig. 18—PrErRMANENT MaGnet TyPr oF GALVANOMETER FOR 
Derecting ALTERNATING CURRENTS OF Low VALUE 


All methods for making such{measurements as the 
above usually appear well on paper but in operation, 
factors may be introduced which considerably affect 
results. The results obtained with the Schering 
Bridge were, therefore, compared with results obtained 
on the same cable, by the compensated dynamometer 
wattmeter method," using two instruments, one of low 
current rating for determining the necessary compensa- 
tion with the standard air condenser, the other of higher 
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current rating required when making the measurement 
on the cable. From results thus obtained, it was found 
that large errors might be introduced into the bridge 
reading because of capacitance to ground of the leads 
from the low voltage side of the standard air condenser 
and the cable. When effect of this error was reduced 
to a minimum, results such as shown in Fig. 19 were 
obtained. These show agreement to within power 
factor 0.002. 

The use of indicating wattmeters alone for such 
measurements as those described above is_ highly 
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CasLeE with 30/32-In. TREATED PApER INSULATION FOR A 
66-Kv. THREE-PHASE CIRCUIT 


desirable. The very unique application of a water 
column of varying temperature to change the resistance 
of a circuit without changing its reactance, recently 
described before the Institute", has great possibilities. 
An outfit set up with the “tank,” of the wattmeter 
replaced by a long hose, shielded as suggested by Pro- 
fessor Ryan, to allow of continuous measurement 
has given promise of perhaps immediate application in 
measuring small amounts of power. 

The method of applying the voltage during power- 
factor measurements on reel lengths of three-conductor 
cable, is important. A choice exists between the use of 
three-phase supply and single-phasesupply. Theformer 
allows the test to be made under operating conditions 
and only one connection need be made during the test, 
although the measuring instrument will have to be 
shifted from phase to phase if only one instrument 
is used. The use of a dynamometer with a 
standard air condenser is possible, although shielding 
the high-voltage windings in the transformer appears 
to be necessary. The current element of the dyna- 
mometer must during measurement be connected be- 
tween the transformer winding and the grounded neu- 
tral. Error due to leakage to ground may thus be 
introduced since the circuit must be changed from that 
during compensation with the air condenser. 

The use of single-phase supply allows the use of both 
bridge methods and dynamometer methods. Con- 
nections to the cable may be made in several ways, of 
which representative connections are shown in Fig. 20. 
Connection A gives a measurement of belt insulation 
and conductor insulation next to the belt insulation. 
Connection B gives a measurement of conductor insula- 
tion between one conductor and the other two conduc- 
tors. Two such measurements with two different con- 
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ductors “‘high” should suffice. Connection C gives the 
measurement of conductor insulation between one con- 
ductor and the other two conductors and of the con- 
ductor and belt insulation between that conductor 
and the sheath. 

Connections A and B are symmetrical as regards 
calculating the average voltage gradient of the insu- 
lation wall under test. In connection C the average 
gradient over the conductor insulation and adjacent 
belt insulation will differ from that over the conductor 
insulation between conductors if the thicknesses of 
conductor insulation and belt insulation are different. 
Because of the possible differing stress in the belt insu- 
lation and conductor insulation, connection C is not 
satisfactory for high values of average gradient. 
Measurements using connection A and connection B 
with each conductor “high” in succession, certainly 
explore the cable completely and are, therefore, ad- 
visable. Successive measurement with two conductors 
high in connection B may suffice, as such would include 
all of the conductor insulation between conductors. 
Experience thus far indicates that where cable is poor, 
it is poor symmetrically, so that all of the power-factor- 
voltage curves show large change. A single measure- 
ment may, therefore, prove sufficient. 

The objections to the single-phase measurement are 
that several connections are required during test; and 
that the rotating field present with 3-phase supply is 
not present with the single-phase source. 

The equivalent value of 3-phase watts and power 
factor may be calculated from single-phase measure- 
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ments made successively with connections B and A, 
as follows: . 
Let Ws = watts measured, connection B, at voltage 
E 
Wa = watts measured, connection A, at voltage 


2 
ie 
Then, total three-phase watts = 1.5 Ws + Wa. 


The three-phase power factormay be takenas the aver- 
age of the power factor obtained with connection B at 
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voltage H, and the power factor obtained with connec- 
tion A at voltage E/4/3. 

The above relations have been proved to check the 
dielectric power loss and power factor obtained with three- 
phase supply up to rated cable voltage. For values of 
voltage above rated, the results appear to be consistent, 
but check measurements will have to be made before 
they can be assumed to be reliable with certainty. 

For purposes of applying the power-factor-voltage 


0 100 200 300 400 500 “600 700 800 900 
; LIFE, HOURS 


Fig. 21—Re.LatTioNn BETWEEN Lire oF SAMPLES OF TREATED 
Parer CaBLe wity 9/32-IN. INSULATION, OPERATED aT 44-Ky. 
art 25 Dec. CENT., AND CHANGE IN INITIAL PowER Factor 
WITH VOLTAGE FROM 27 VOLTS PER Mit. (AVERAGE) To EHiguty- 
SEVEN Voutts PER Miu. (AVERAGE) AT 25 Dua. CENT. 


¢ Cable Joint No.1 
¢ Cable Joint No.2 


ry 10 20 30 40 50 60 70 80 9 
KILOVOLTS 
10.7 21.3 32.0 42.7 53.3 644 74.7 853 
VOLTS PER MIL. (AVERAGE) 
VOLTAGE 


Fig. 22—Power Facror-VoLtaGeE RELATION AT 25 Dua. 
Crnrt. or Two JOINTS OF SINGLE ConpDUCTOR CABLE WITH 30/32 
In. TREATED PapPeR INSULATION 


0 10 20 30 40 50 60 70 80 90 100 
KILOVOLTS 
10.6 21.1 329 42.5 53.1 63.9 74.5 85.2 95.7 106.2 


VOLTS PER MIL. (AVERAGE) 
VOLTAGE 


Fig. 23—Powrr Factor-VoLtTaGeE RELATION aT 25 Deca. 
Centr. or A 100-rr. Leneto or SiInGLE-ConpucToR CABLE 
wits 30/32 In. TrraTEeD Papmr INsuLATION SHOWN BY DIELEC- 
TRIc StreENGTH TEST TO BE Poor CABLE AND UNSUITED FOR 
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test, it is, therefore, suggested that connections B and 
A be standardized, and that separate curves be obtained 
therewith, these to be on the same basis of average volts 
per mil. 

The application of voltages during the power-factor 
measurement comparable in value to those of the high- 
voltage test will necessitate the use of larger end-bells. 
This will prevent the effective application of the usual 
guard circuits; also a relatively large dielectric power 
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loss may be located in the larger end-bell. Some 
measurements which have been made in this regard 
indicate that as long as there is no visible leakage, the 
difference in result obtained with or without guard rings 
is negligible. When corona and current streamers 
are visible, differences of 50 per cent have been ob- 
tained. The unsheathed portion of the cable must, 
therefore, be of sufficient length to prevent this source 
of error. 

The effectiveness of the power-factor-voltage test 
to separate poor cable from good will have to be deter- 
mined largely from experience. Fig. 21 shows the 
relation between life and change in initial power factor 
for several short samples of cable with 9/32-in. treated- 
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paper insulation, operating at 44 kv. While the curve 
drawn is not definitely located by the points, there is 
suggestion that a large change in initial power factor 
indicated short life, while a small change may or may not 
indicate long life. 

Fig. 22 shows the power-factor-voltage relation for 
two cable joints of single-conductor cable with 30/32 
in. paper. Cable joint No. 1 was hand-made and lasted 
two min. at 175 kv.; cable joint No. 2 was machine- 
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made and lasted 36 hours at 225 kv. 
power-factor-voltage relation for a length of cable with 
30/32 in. paper shown by dielectric strength test to be 
poor cable. 

A 200-ft. length of cable* similar to that for which 
the power-factor-voltage curve is shown in Fig. 19, was 
connected from one line, to neutral of a three-phase 110- 
kv., 60-cycle commercial circuit, at a voltage from 
conductor to sheath of 63.5 kv. It operated continu- 
ously at no-load for 10 days when failure occurred at a 
point 30 feet from one end. Examination revealed 
absolutely no discernible reason for the failure, the 
cable appearing to be perfect throughout. The de- 
fective end was cut from the length, voltage again 
applied, and same has been running continuously for 
90 days. (January 1, 1925.) 

It has been noted that the power factor of a cable 
changes during its life. Fig. 24 shows the results of 
measurements of power factor made at different times 
during the life of four samples of single-conductor 
experimental cable with 30/32 in. treated-paper insu- 
lation, when operating at 80 kv. (85 volts per mil, 
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average) at 50 deg. cent. In sample No. 3 the paper 
was treated with a petrolatum-rosin mixture, while the 
others were treated with straight petrolatum. 

Fig. 25 shows results on a sample which has operated 
for over 3500 hours at 80 kv. at 50 deg. cent. In this 
connection it is interesting to note that a measurement 
of power factor made at a life of 250 hours gave a value 
of 0.17 at 75 kv. and 0.14 at 33 kv. Noerror could be 
found in the measurement at the time, nor have subse- 
quent tests on other cables shown such large change as 
this. These values have, therefore, been omitted from 
the curve which has been made dotted in this region. 
The comparatively large change in power factor of the 
sample in Fig. 25 is interesting in the light of the long 
life of the sample. 

Such results, showing change in power factor with 
life, are not new as they have been noted on tests with 
different papers under electrical tension. Similar 
results have also been noted in the case of armature coils 
as well as having been reported to this Institute". 

Apparently the change in power factor within the 


*Manufactured after Jan. 1, 1924. 
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limits shown has little effect upon the dielectric strength 
of the cable. It is evident, however, that continued 
electrical tension affected the cable. 

When making measurements of either dielectric power 
loss or power factor at temperatures above room tem- 
perature, it is quite necessary that the cable or cable 
sample be heated uniformly throughout. If this is not 
done results such as shown in Fig. 26 will be obtained 
where the power factor of a sample of single-conductor 
cable with 30/82-in. treated-paper insulation was 
measured in order 


Ist, by circulating current through the conductor and 


measuring conductor temperature, using this value 
as the temperature. 

2nd, by placing the sample in an oven for four hours and 

measuring both sheath and conductor temperature, 
which check. 

3rd, by repeating the Ist run. 

4th, by repeating the 2nd run. 

5th, by repeating the Ist run. 

The results show that not only is the power factor 
higher when the temperature throughout the cable is 
uniform, but they also show increasing values with 
continued heating. This suggests that temperature 
measurements on cables intended for use should not be 
carried to values above the operating values. 


TESTING INSTALLED CABLE 


The evidence available on the endurance of cable 
indicates the need of continued testing after the initial 
tests and installation of the cable. A good example of 
results obtained by methods departing from those 
standardized for testing cables has been reported to the 
Institute" by Messrs. Phelps and Tanzer in connection 
with tests conducted to rate cables after installation. 
The application of the method of rating by so-called 
“current-time”’ curves to low-loss paper-insulated cables 
has been carried on to a limited extent, with results 
which, although usually negative, still are of such a 
nature that the method isnot considered to be absolutely — 
inapplicable. This study should be vigorously con- 
tinued. 

Opportunity has been given to test single-conductor 
cable with 30/32 in. treated paper insulation, known to 
be poor cable, up to direct voltages of 450 kv. applied 
for 15 minutes, without evidence of impending failure 
as shown by current-time curves taken periodically 
during the test. 


Suggestion has been made that high frequency might 
be utilized for making capacitance or power-factor 
measurements on installed cable, the bridge and genera- 
tor equipment required being of such a nature as to 
make it quite easily portable. Table I shows results of 
capacitance and power-factor measurements made at 
100 kilocycles on short samples of single-conductor 
cable with 9/32 in. treated paper insulation before and 
after endurance life run at 44 kv. The length of life 
does not seem to be predicted by the value of the 
initial power factor. 
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TABLE I 
Endurance Test at Power Factor at 
44 Kv. 100 Kilocycles 
Sample 
Temperature Life Before After 
Deg. Cent. Hours Test Test 
1 25 vid, 0.0105 0.0103 
2 25 86 0.0103 
3 25 89 0.0106 0.0102 
4 85 139 0.0114 
5 85 139 0.0106 
6 85 1055 0.0105 0.0143* 
6 85 1055 0.0105 0.0093 
7 85 1535 0.0116 0.0102 


*Measurement made with failure in sample. 
Measurements on other samples made ‘‘After Test’’ were made after 
cutting out the failure. 


Values of power factor taken after test with the failure 
removed show practically no change from initial values. 

Several measurements of power factor made at 1000 
cycles on cable samples with 30/32 in. treated-paper 
insulation gave results from which no concord could 
be noted as regards life. The low voltage, about 25 
volts, at which these measurements are made is prob- 
ably a factor. It is interesting to note, however, that 
measurements made at 100 kilocycles on cable samples 
of different kinds of papers showed power factors 
differing by 50 per cent, though for samples of any given 
kind of paper, the variations were of the order as shown 
in Table I. The method appears, therefore, to be of 
value in detecting different materials, but does not seem 
to be sensitive to deterioration in a portion of a given 
material. 

TESTING WITH DIRECT CURRENT 

Experimental work is being continued in the applica- 

tion of direct current to the testing of cables in order 
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that its apparent advantages may be utilized in this 
field. The large number of d-c. cable-testing sets now 
in use by the operating companies should allow of 
accumulation of a considerable amount of data showing 
the desirability of their use in the field. 

Fig. 27 shows results of tests made on samples of 
three-conductor 500,000 em. sector cable with treated- 
paper insulation 9/64 in. on each conductor, 1/16-in. 
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overall*. The a-c.-breakdown tests were made by 
starting at 40 kv. applied and held for five min. and 
then raising five kilovolt each 15 seconds until break- 
down. The d-c.-breakdown tests were made by starting 
at 100 kv. held for five min. and raising five kilovolt 
each 15 sec. until breakdown. Three tests were made 
on each section of the cable by applying the test volt- 
age to one conductor with the other two and the lead 
sheath grounded. In this way each conductor was 
tested separately from copper to sheath. 

These results show a ratio of d-c.- to a-c.- effective 
breakdown value somewhat higher than previously 
assigned from the results available at the time, but the 
evidence is accummulating that the ratio will increase 
as the thickness of the material increases. Recent 
tests on varnished cloth in sheet form up to a thickness 
of 10 sheets or 120 mils substantiate this conclusion. 

Continued experimental work and study of the 
problem indicates that although for any given break- 
down voltage with alternating current there is a corres- 
ponding breakdown voltage with direct current, each of 
these values depend upon several factors such as the 
nature and structure of the material, thickness of the 
material, temperature of the material, shape and _ size 
of electrodes, and rate of application of the applied 
potential. Such a condition obviously prevents stand- 
ardization of a general value for the d-c.- to a-c.- break- 
down-voltage ratio, but rather requires that each in- 
dividual case be considered separately. This confirms 
what has been pointed out previously." 


CONCLUSIONS 


1. Values of insulation resistance as heretofore ob- 
tained are of doubtful worth as a means for distin- ~ 
tinguishing between satisfactory and unsatisfactory 
cable. 

2. The test for dielectric strength is the most im- 
portant and the best now available as a suitability test. 
The difficulties in testing due to the increasing voltage 
rating of cables are being overcome. Indications are 
that the present standardized values of test voltage © 
should be increased. Increasing the time of applica- 
tion a few minutes is of doubtful value; a long-time ona 
Short-time ultimate dielec- 
tric-strength tests should be made on samples taken 
from reel lengths. The bending tests, as at present, 
should be continued. Recognition should be given to 
the fact that many things may happen to the cable 
after the high-voltage test which this test cannot detect. 
Hence the advisability of periodic testing at voltages 
which will not injure sound cable and which will only 
affect cables where the deterioration has been abnormal. 

3. Measurements of dielectric-power loss and power 
factor are of value, and should be continued. The 
evidence indicates that good cable will show low dielec- 
tric-power loss and power factor, and that the change in 


*These samples were supplied by the Commonwealth 


Edison Co. 
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power factor of good cable with varying voltage at 
room temperature will be small. The power-factor 
voltage test may not always be infallible, however. 
There is need for standardizing the power-factor voltage 
test, as regards the nature of the source, the method of 
connecting same to the cable, the temperature of the 
cable, and the reporting of the results. 


4. Development work towards new methods for 
testing and rating installed cable during life have not 
produced new tests which are suitable for superseding 
those already in use. 


5. The increasing use on the part of the operating 
companies of d-c.-cable-testing sets, together with the 
experimental work being carried on, should allow of a 
determination of the most suitable application of 
direct-current to cable testing that its apparent ad- 
vantages may be fully utilized. 


In closing, the author wishes to acknowledge his 
indebtedness to others in the General Electric Company 
who have allowed him to use results of their work in 
this paper. 
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Discussion 


D. W. Roper: The paper by Mr. Lee (the best discussion of 
the subject of testing high-voltage cable that has ever been pre- 
sented to the Institute) contains a great amount of interesting 
information all drawn from the experience of one cable manu- 
facturer. Some of the conclusions which he draws are, there- 
fore, rather limited in their application as they refer solely to the 
particular type of insulation with which he is familiar. As will 
appear later in this discussion, there is a wide variation in the 
characteristics or properties of the insulation made by the dif- 
ferent manufacturers. For the purpose of broadening our view 
and thus improving our perspective, and not for the purpose of 
making any invidious comparisons between the products of the 
several manufacturers, I am going to quote some of the results 
that we have obtained in testing the product of a number of 
cable manufacturers, in the hope that I may be able to show how 
some of the conclusions given by Mr. Lee should be modified. 


On page 114, Mr. Lee cites the case of the failure of an experi- 
mental length of cable connected to a 110-ky. three-phase over- 
head line, and states that the examination revealed absolutely no 
discernible cause for the failure. 


About one-third of our failures in service result in a similar 
manner. 


In another paragraph on the same page, the author states that 
the study of the current-time curves obtained with insulation- 
resistance measurements should be vigorously continued. On 
this point I thoroughly agree with him and offer him our eon- 
tinued assistance and bespeak for him the cooperation of other 
operating engineers who are in a position to assist. The develop- 
ment of additional methods of testing cable should result in the 
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discovery of causes of failure for which no explanation can now be 
given. 

In Fig. 1 of the paper is given some data regarding the varia- 
tion in insulation resistance of fourteen reels of cable, the maxi- 
mum range being of the order of 10 to1. <A study of our records 
shows that in three shipments of similar cable ranging from thirty 
to sixty lengths, the maximum range in insulation resistance was 
1.6 to 1 as compared with Mr. Lee’s figure of 10 to 1 for fourteen 
reels. The author thinks that such measurements are of little 
value as a means of distinguishing between good and poor cable. 
In view of the data regarding other makes of cable which have 
been quoted, it appears that the results given by the author in- 
dicate that in his factory they have not secured control of all of 
the factors which affect the quality of their insulation. It also 
appears that studies made for the purpose of eliminating the 
present variations in insulation resistance will result in methods 
that will bring about an improvement in the product, and that 
there is an even greater chance of such a result than that the 
studies of current-time curves of insulation resistance will result 
in the discovery of improved methods of testing. 


No methods of testing high-voltage cable will be satisfactory - 


until it is possible to detect and reject at the factory all cable 
which contains the germ of a failure which will occur shortly after 
the cable is placed in service, such as the example cited by the 
author. This requirement, while it may appear somewhat 
idealistic, becomes more important as the operating voltage of 
the cable is increased. On a 12-ky. line we may be able to carry 
a maximum load of 8000 kv-a.; on a 33-kyv. line, this figure will be 
about 15,000 or 20,000 kv-a.; on a 66-kv. single-conductor line, 
the load may be 40,000 or 50,000 ky-a.; and on a 110,000-kyv. 
single-conductor line, the maximum load may be 70,000 kv-a. 
These figures, which are illustrative; and not intended to be 
strictly accurate, show that the importance of continuous serv- 
ice inceases rapidly with the operating voltage. 

The record of a number of recent installations of high-voltage 
vable made in this country and abroad, as shown in Fig. 1 here- 
with indicates the general trend of thickness of insulation as 
related to the operating voltage. This record indicates that the 
operating voltage is increasing at a faster rate than the thickness 
of insulation. This means that as the operating voltage increases 
the dielectric stresses increase, and if the cable is to be as success- 
ful in operation as cable of the lower voltages, there must be a 
continuous improvement in the quality with the increase in the 
operating voltage. It is, therefore, quite necessary, as stated by 
the author at the beginning of his paper, that improvements in 
eable manufacture should be paralleled by improved methods or 
additional methods of testing, so that we may be able to dis- 
tinguish good cable from cable that will prove unsatisfactory in 

“service. 

The rainbow that the engineers of some manufacturers, as well 
as engineers of operating companies, including the speaker, have 
been chasing for a number of years is the search for some single 
test that will discriminate between good and poor cable. But 
impregnated-paper insulation is such a complex structure and as 
made at different factories has such wide variations in its several 
properties, that the discovery of any single test that will prove 
adequate seems to be just as hopeless as the discovery of per- 
petual motion. | Impregnated-paper insulation has a number of 
different qualities, as set forth by the author, such as insulation 
resistance, dielectric strength, dielectric loss, etce., and these 
qualities are so interrelated that it is difficult, or perhaps impos- 
sible, to improve the insulation in one particular, without having 
some effect on the other qualities, and these several qualities 
individually have very different values in determining whether 
the cable will prove successful in service. 


In Fig. 2 herewith are shown the maximum and minimum di- 
electric strength values obtained in accordance with A. I. E. E. 
Standards on short lengths of cable for all of the sizes pur- 
chased by the company with which the speaker is connected, 
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during the last two years, All of these cables have met the re- 
quirements of the N. E. L. A. Specifications and the A. I. E. E. 
Standards. It will be noted that the range in dielectrie strength 
varies from 5 to 1 for low voltage cables to about 1.5 to 1 for 
20-ky. single-conductor cable, and 2.4 to 1 for 33-kv. cable. It 
appears fairly evident from these data that the several cable 
manufacturers place very different weights on the importance of 
dielectric strength. 

In Fig. 3 are shown a number of curves showing the variation 
of dielectric loss with temperature which are typical of the prod- 
uct of practically all the leading cable manufacturers in the world, 
each one of whom thinks that in this particular feature his cable 
is entirely satisfactory. With such wide variation in the forms 
of the curves and in the values of the losses at the maximum 
operating temperatures, it does not appear that all of them can be 
right. 

Fig. 4 shows in a similar manner typical ionization curves; 
that is, the variation of power factor with voltage. One manu- 
facturer contends that there should be no variation in the power 
factor between 50 per cent and 150 per cent of normal voltage, 
while another manufacturer contends with equal force that a 
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variation of 2 per cent over about the same range of voltage is 
permissible. No one manufacturer makes cable which is the 
best in all of those qualities described by the author which eol- 
lectively indicate its excellence, and, in the face of such conflicting 
statements presented by the various cable manufacturers that 
are equally skillful and reputable, what is the purchaser to do? 

During recent years, improvements in cable manufacture have 
been so rapid that it is not possible for an operating company to 
buy cable of several different combinations of the qualities 
illustrated, and then wait for five or ten years to determine from 
operating experience which of the several varieties is the best 
before purchasing any more cable. Commercial developments 
and increases in load compel the operating companies to buy 
cable every year, and even if they should wait for five or ten 
years before buying more cable, they would then be told by the 
manufacturers that such cable was no longer made, due to their 
improvements in manufacture and cable of a different combina- 
tion of qualities would be offered. 

Table I shows the writer’s suggestion for a solution of this 
problem. In it are listed all of the test requirements given by 
the author. There are also given in the third column under the 
heading Weight for Best Performance the writer’s judgment as to 
the relative weight which should be assigned to each of those 
qualities or properties. As set forth in the table, all of these 
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cables comply with the N. EK. L. A. Specifications and the A. I. 
K. HE. Standards, but it will be noted that they pass the specifi- 
cations with widely different margins in the various particulars. 
The cable which gives the best results in the ionization test is not 
the best in dielectric loss nor dielectric strength. As these 
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figures in the column called Weight for Best Performance are the 
personal opinions of the writer, it is entirely possible that they 
are all wrong or that a different method of calculating the rela- 
tive performance of the several manufacturers from the test 
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records should be used. A number of similar tables have been 
ealculated, using radically different figures in the column of 
Weights for Best Performance. These calculations show that 
changing the figures in this column to any other figures which 
appear to be within reason makes but slight changes in the 
relative order of the manufacturers. 

Such calculations indicate that the general method is correct; 
but some adjustment of the details may be necessary to secure 
greater accuracy. It is not pretended that the figures at the foot 
of the table correctly represent the relative merit of the cables 
on a percentage basis, but it appears that the table does deter- 
mine, with reasonable accuracy, their relative order of merit. 

It should be possible by a study of the test records and the 
operating records to determine with a fair degree of approxi- 
mation the proper figures to be used for the weights for best per- 
formance, and after this has been done, the rating of the cables 
consists mainly of simple arithmetical calculations from the test 
records. After such a tentative assignment of weights has been 
agreed upon by the manufacturers and the operating companies, 
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then the manufacturers have a definite statement of the desired 


combinations of qualities to guide them in the improvement of 


their product. 

The operating companies, on their part, should carefully 
analyze all of their cable failures, with the assistance of the 
manufacturers, and agree upon the particular quality or property 
of the cable whose deficiency was responsible for each failure, 
and from the mass of operating records of this kind which are 
available for study, modify not only the weights for best per- 
formance from time to time in accordance with operating experi- 
ence, but also the minimum requirements of the specifications. . 

There is no country in the world in which the engineers of the 
manufacturing companies and those of the operating companies 
are so well organized as they are in America, through their 
technical associations, like the A. I. E. E., and the commercial 
associations like the N. HE. L. A. and the A. E. I. C. to bring 
about such cooperation in a proper way. If this cooperation 
ean be secured, there appears to be no good reason why the 
American cable manufacturers in a few years should not be 
leading the world in the manufacture of high voltage cable, 
instead of occupying their present subordinate position. 


W.F. Davidson: Mr. Lee’ has presented a very helpful sum- 


—— 
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mary of the present status of testing high-tension paper-insulated 
cables so far as concerns tests to be made in advance of instal- 
lation, but I feel that it is unfortunate that he does not have more 
information to present in regard to tests intended to determine 
the fitness of the cable to meet the requirements of continuous 
operation. 

The tendency to use higher test voltages and slightly longer 
times of application in tests on reel lengths and samples seems 
to be a step in the right direction, for it will tend to eliminate 
weak spots and it is always the weak spots that cause trouble. 
But there are many things which we cannot learn from short- 
time tests, or even from tests of several hours duration. Several 
operating companies using cables at the higher operating voltages 
have lately found signs of a slow but very noticeable deteriora- 
tion. In many cases this has been accompanied by the forma- 
tion of a substance variously known as ‘X’’, “wax,” or 
“cheese.” Efforts to produce this substance in the laboratory 
have generally been unsuccessful except where the time of test 
has been prolonged to many hours; short-time tests yield no 
results. This experience would seem to indicate the desirability 
of making tests on samples of cable using a voltage only slightly— 
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what is commercially possible, I have plotted the insulation- 
resistance readings (see Fig. 5) on successive reel lengths of cable 
brought up for test in two factories. In one case the ratio of 
maximum to minimum yalues is about 1.32, while in the other 
ease it reaches 15.6. These cables have not been in operation 
long enough to permit a statement to be made as to their opera- 
ting performance, but it is interesting to note that the first lot of 
eable gave distinctly superior results on all of the other tests. 
As I see it, this means that the factory processes in the first case 
were more carefully controlled than in the second ease. 

Several curves are presented with the paper to show the rela- 
tion between the test voltage and the time required to secure 
failure, but I feel that in their present form they are somewhat 
misleading. Take Fig. 10 as an example: We find that nearly 
instantaneous breakdown was secured with five variations of test 
voltage between 132 ky. and 100 kv. and we also note that 44 kv. 
produced failures in times varying from 30 hours to 160 hours. 
A curve has been drawn to pass through all of the points with 
remarkable precision. One might be led from this curve to as- 
sume that the cable would operate indefinitely at 43 kv. The 
experimental data seem rather too few for determining a curve 
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COMPARISON OF RESULTS OF INSPECTION AND TESTS ON 3-CONDUCTOR CABLE RATED AT ABOUT 13 KV. AND MADE IN 1924 
All of these cables comply with the N. E. L. A. Specifications and the A. I. E. E. Standards 


Weight 
for Best Weights for Various Manufacturers 
Item Perform- |- 
No. Item ance A B Cc D E F G 
Mechanical - 
1 WPRICI OSE ees) Sih steestiera stele 6.cre tales Tale eee ‘4 4.0 3.2 a0 3.0 4.0 2.8 3.6 
2 GrGASESi oa Ad Onis teinen Soe HURLED oe CRRS Oro 4 4.0 3.0 3.6 3.0 3.6 3.2 3.6 
3 Tearing in cold bent sample.............. 4 Siw 4.0 3.0 3.6 3.2 3.0 2.9 
4 CITIES ier, Sete orcas tatle teuas eh oxcheee, Roc, ie as 4 4.0 3.6 3.4 2.0 3.4 4.0 2.6 
5 PMIPTOLRA LOM: ete cu dis te ieee «ste es chs 8 8.0 (OP 8.0 6.2 6.2 4.0 6.2 
6 +Other conditions Piet seek Buscsee ie 6 6.0 4.8 6.0 3.8 4.8 Sas 3.9 
Electrical 
al Range of insulation resistance............ 5 3.1 2.6 5.0 PG) 3.4 4.5 2.5 
8 +Increase in Power Factor—Average........ 5 4.0 5.0 2.3 4.9 3.9 4.8 3.4 
9 Increase in Power Factor—Maximum...... 10 7.9 8.1 4.7 9.0 5.6 10.0 Chest | 
10 Dielectric loss at 80 deg. cent.—Average.... 3 0.9 D2, 1.0 3.0 1.0 125 12 
11 Dielectric loss at 80 deg. cent.—Maximum. . 7 Ze 4.6 3.1 7.0 3.4 3.6 3.4 
Puncture Voltage . 
12 Hot straight sample—A verage volts per mil. if 7.0 6.5 6.9. 6.8 7.8 6.5 5.4 
13 Hot straight sample—Minimum volts...... abil 8.6 7.8 8.4 Veae! Lao 9.3 8.1 
14 Cold bent sample—Average volts per mil... 8 8.0 6.9 isd) 6.7 4.2 30 4.1 
15 Cold bent sample—Minimum volts........ 14 13.5 14.0 Seal 8.9 10.0 C4 10.1 
Total weight, mechanical................ 30 29.2 24.8 27.0 21.6 25.2 20.3 22.8 
Totaluweighh, olectricalarne des cck 22% snr 70 55. 1 Silat 51.2 Sbee 50S 50.4 45.3 
Grand total weit ns ore sina et clone ee he oe 100 84.3 82.5 78.2 Hee (hap Mad 68.1 


*“Other conditions” include: (1) Twisting of sectors; (2) Registered tapes; (3) Workmanship in starting and ending tapes; (4) Thickness of lead 
_and insulation in routine and deformation tests; (5) Overall diameter; (6) Condition of lead sheath. 
+Increase in power factor at room temperature between 45 per cent and 215 per cent of rated voltage. 


say, 50 per cent—in excess of the rated voltage and then making 
a thorough examination, including chemical tests, after two 
hundred or three hundred hours. There is another point, which 
may be touched on later, and that is the need for more elaborate 
tests to detect the presence of injurious impurities. 

The data presented to show the significance of insulation- 
resistance values are certainly almost enough to lead one to dis- 
ecard them entirely from cable specifications. However, they 
seem to have a value which Mr. Lee has overlooked. The user 
of cable is vitally interested in securing cable of uniform quality— 
999 ft. of superlatively good cable cannot keep a line going if 
1 ft. is defective,—and it is my feeling that uniform cable will 
show reasonably uniform insulation resistance. When one 
stops to consider the very complex nature of cable insulation, it 
is not surprising that no simple relation has been found between 
insulation resistance and other characteristics of the insulation. 
But this does not, to my mind, afford a valid reason for rejecting 
them. As an example of that point in mind and illustrating 
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and one would wish that figures were available to show the life 
of the cable at, say, 30 kv. 

Partial failures, such as are described, have long been known 
to those who have studied cable insulation and we find frequent 
reference to them in the technical literature. I think it is going 
a little too far to suggest that these failures generally occur near 
the center of the insulation. Undoubtedly they do occur, as 
Mr..Lee observes, at points where the insulation is unusually 
weak or where the stresses are high but this point may be quite as 
well near the conductor as at the center of the insulation. Ina 
number of samples taken from cable of ten different makes, burns 
have been observed rather more frequently at the point of high 
stress—that is, at the surface of the conductor. For the obvious 
reason that the conductor is itself practically an equi-potential 


‘ surface the tree designs are not found near the surface of the 


conduetors but other forms of partial failure are very common. 
Reference is made to the direct-current or kenotron testing 
method outlined by Messrs. Phelps and Tanzer in a paper pre- 
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sented before this Institute. Where attempts have been made 
to apply this method to low-loss cables it has been the common 
experience that it was difficult to get satisfactory results. Some 
experience along this line with the Brooklyn Edison Company 
seems to indicate that the difficulties are very largely the result 
of the rapid decay of the charging current. Whereas the old 
eables tested in Philadelphia showed that from two to three 
minutes is required for the current to reach a fairly steady value, 
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low-loss cables show steady current values after about ten 
seconds. This makes it impossible to rely upon readings taken 
visually but special high-speed curve-drawing instruments have 
been used with very satisfactory results. 

The illustrations shown here indicate the type of results which 
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ample justification for the use of this method. They also point 
to the moral that high voltages alone do not give sufficient as~ 
surance that a piece of cable on a complete feeder can operate 
at the rated voltage. 

In passing it 1aay be worth while mentioning that the keno- 
tron test method offers real advantages in the nature of sizes 
of testing equipment and ease of testing. A test set designed 
for 200,000 volts from conductor to conductor with a 250- 
milliampere output has been built and mounted on a 6-ton motor 
trailer. It would be quite impossible to move about a-c. testing 
equipment capable of handling the same feeders. Moreover, 
experience in Brooklyn with comparatively high d-e. test voltages 
has failed to bring forth any evidence indicating damage to the 
eables as a result of repeated direct-current tests. 

J.B. Whitehead: There is general agreement nowadays 
that insulation resistance based upon the one-minute observa- 
tion is of questionable value. The reason is that insulation 
resistance has little bearing upon the loss and upon the per- 
formance of a cable, unless the resistance happens to be extremely 
low. In the latter case, however, one of the puncture tests would ~ 
be certain to pick it up. The loss due to insulation resistance 
is a negligible part of the total loss of a normal cable, being of the 
order of 1 per cent or 2 per cent. The one-minute test is an 
indication of the dielectric absorption or residual charge of the 
cable. Taken at one minute this particular quantity has no 
specialinterest. If the rate of absorption could be measured fora 
small fraction of a second we should have important information. 
The loss in a dielectric is almost entirely due to absorption. It 
would be very important if we could know the type of variation 
of the absorption during time intervals corresponding to frac- 
tions of the complete period of the alternating voltage. Thelaws 
of absorption are not sufficiently definite to enable us to deduce 
these values from the one minute test. 

Will Mr. Lee please tell us whether the curves between the 
power factor and insulation resistance give the order in which 
the observations were taken? The curve for insulation resist- 
ance ascends continuously and if the points were taken in order 
it should be easy to trace the causes of the changes appearing. 
If these one-minute observations give the absorption it is easy 
to suggest two possible reasons for the differences shown. Ab- 
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can be secured, although it must be admitted that the case chosen 
is somewhat extreme. Fig. 6 herewith shows a reproduction 
of the graphic millimeter record with the voltmeter record trans- 
ferred to it as a solid line. It will be noted that A and B con- 
ductors behaved as good conductors should behave, while C con- 
ductor showed excessive leakage. Just previous to the test, this 
feeder had been tested at the normal value of 135,000 volts, 
direct-current conductor-to-conductor for five minutes and 
95,000 volts, conductor-to-sheath for five minutes but, as indi- 
eated, even this high voltage had failed to remove all of the faults. 
Conductor A and B were grounded, and C conductor was raised 
to 98,000 volts and after five minutes failure occurred in a defect- 
ive joint. When this had been removed the feeder was tested at 
135,000 volts and 95,000 volts as before. Then the tests shown 
in Fig. 7 were obtained. A few such cases as this seem to be 


sorption is most sensitive to the presence of moisture and also to 
temperature changes. <A further factor often leading to erratic 
one-minute readings is the influence of the preceding state of the 
material. Small traces of residual charge will often cause wide 
variations in the one-minute reading. 

Breakdown of cable insulation may be divided broadly into 
two types; direct puncture, and slow heating. The latter may 
begin as due to normal absorption loss, but ultimately it is a 
heating due to the passing of current. It seems to me that in the 
case of cables breakdown must fall into the second class. Cable 
insulation has pronounced absorptive qualities and this accounts 
for practically all of the initial losses. It is of immediate im- 
portance therefore, in determining a proper test for picking out as 
defective cable, to consider the test from the standpoint of its 
influence upon the internal losses. Thus, I believe that the high- 
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voltage puncture test should not stretch beyond a compara- 
tively short interval of time, as its chief function should be the 
picking out of flagrant imperfections. Ifa high puncture voltage 
is applied during a considerable length of time, an abnormal 
duty is imposed upon the insulation from the standpoint of heat- 
ing, and increasing absorption due to temperature. The losses 
vary as the square of the voltage, and as even a higher power of 
the temperature. Two and one-half times normal voltage causes 
an initial rate of increase of loss of over six times normal. It 
seems to me, therefore, that the suggestion of the author to in- 
crease both the value and duration of the voltage test is open to 
serious question because of the extreme abnormal duty which 
may be imposed on the insulation. 

I agree with the author that not too much importance is to be 
attached to the power-factor test. The power factor involves 
not only the loss but also the capacity of the cable. Both these 
quantities are variable and you may have a cable that is open 
to suspicion from the standpoint of loss, but which may not be 
defective as based upon the power-factor test. Naturally if the 
power factor is abnormally low it is a good indication of trouble. 

I offer the suggestion therefore that the best method for testing 
cables as they come through the factory is the measurement of the 
loss, and to as high a degree as possible, the distribution of the 
loss along the length of the cable. I am quite conscious of the 
difficulties of sucha plan but I believe that everyone will agree 
that cables ultimately fail due to increasing local losses. For- 
tunately however the rate of increase of these local losses is 
initially not very rapid. A measurement of the total loss on a 
length of cable may completely screen the presence of a dan- 


MILLIAMPERES 


Ee Biche) 
SECONDS 


Fia. 7—Recorp or Krenotrron Test on Goop CasBLe 


gerous localloss. The ideal test therefore would include not only 
the total loss test but a measurement of the time rate of change 
of temperature at intervals over the entire reel length. 


R. W. Atkinson: [ shall limit my remarks to the method of 
measuring dielectric loss by the a-c. bridge. My earliest work 
in cable engineering was in measuring dielectric losses by a bridge 
method. I have retained an enthusiastic interest in that general 
type of measurement of dielectric loss because of the very great 
advantages it has over many other methods. 


The bridge Mr. Lee has described undoubtedly accomplishes 
in a very satisfactory manner the measurements for which he 
has used it. We have been using a bridge method that has a 
greater range of adaptability than Mr. Lee has apparently ex- 
pected from his method, and I think it may be of interest to give 
a very brief description of that method and a rough comparison 
of the differences between the two. This may be done briefly, 
because our method has recently been published in the February 
issue of the Electric Journal (1925, p. 58). 


I shall describe our bridge in terms of Mr. Lee’s Fig. 17. 
The left-hand side of Mr. Lee’s bridge is shown as a condenser, 
the cable, in series with a resistance R3. The right-hand side of 
the bridge is the condenser C2, and a resistance R4 shunted by a 
variable condenser. In our bridge, the variable condenser C4 
is absent, and we have a variable resistance in series with C2. 
This of course is the Wien bridge which has: been used by many 
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and which was described in a Bureau of Standards bulletin about 
20 years ago. 

In order to make it available for high voltage, we have made 
one important change. Fig. 17 shows the cable and the high- 
voltage condenser connected together and the junction point 
connected to the source of high voltage. In our bridge we have 
opened this junction; the high voltage is connected to the cable, 
and a low voltage is connected to the right-hand side of the 
bridge. This requires an additional low-voltage transformer on 
this side, and necessitates a compensation, the value of which is 
determined by means of a standard or zero-loss condenser which 
is connected across the high-tension side of the line at all times 
that the cable sample is connected thereto, and which is connected 
in the bridge circuit in place of the unknown condenser by means 
fo a voltage-switching connection. 

The general method of operating the bridge is to compensate 
by a special compensating circuit so that the loss is read correctly 
on the zero-loss condenser, the low-voltage switching connection 
is made, and the condenser or cable is then measured. 

With the Wien bridge, the same voltage is connected to both 
halves of the bridge. If it is desired to use this method at high 
voltages, a great many difficulties are introduced because of the 
fact that the resistance in series with the condenser, Co, is at 
high voltage. By opening the bridge and having high voltage 
on the cable only, these difficulties are avoided. With the 
Schering bridge described by Mr. Lee, some of these difficulties 
are avoided by eliminating the variable resistance at high voltage 
and using a variable condenser at low voltage as shown in Fig. 17. 

I notice that Mr. Lee uses as much as 10,000 ohms in R4. 
With the detecting circuit that we have, we are able to measure 
extremely small samples with a maximum resistance of 1000 
ohms in the corresponding arm. If there is any capacity, as 
there usually is, between the right-hand corner of the bridge and 
ground, there will be an error in power factor, unless it is cor- 
rected, of exactly the same sort in either bridge, and of the same 
sort as the adjustment in power factor that is purposely made by 
Mr. Lee’s condenser C4. With 1000 ohms, which is the maxi- 
mum resistance we use, that error is only 1/10 as much as it 
would be with 10,000 ohms. We have found it convenient and 
satisfactory to compensate for this error where it is desired to 
make accurate measurements. In general, the accuracy possible 
is to about 0.01 per cent in power factor. We often do not try 
to go this far, but it is quite possible even to exceed that degree 
of accuracy. 

Another advantage of our arrangement over any other form 
of bridge that I have seen described is that it is suitable for the 
measurement of three-phase losses. The primary of one of our 
transformers is reversed in direction, and the bridge then becomes 
available in exactly the same way that a dynamometer-watt- 
meter is used in connection with the three-phase measurement of 
power factor of cables. 

In conclusion, I would like to add that our resistances are 
independently variable, so that power-factor balance may be 
made without reference to the capacity balance which makes for 
a very wide range of adaptability of this method of measurement. 

W. A. Del Mar: There are listed in Mr. Lee’s paper five 
classes of tests, all of which are intended to indicate whether 
cable will be reliable in operation. These tests are all more or less 
accepted and standardized, in spite of the fact that no one can 
prove a very definite connection between most of them and the 
subsequent reliability of the cable. 

Thus the insulation resistance test is known to be meaningless. 
The author has shown how an immense variation in the value 
of the insulation resistance occurs even in cable impregnated at 
the same time and in the same tank. 

The factors which affect the insulation resistance of the cable 
are the resistivity of the oil, the resistivity of the paper, and the 
relative amounts of oil and paper. 

Take the matter of the oil alone: The oil which is furnished 
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to the cable manufacturers is a very small matter to the oil 
refiners. To them lubricating oils, ete., are the principal things. 
They do not, as a general thing, pay very much attention to the 
very exacting requirements of the cable manufacturers. The 
result is that in purchasing oil with a specified minimum resis- 
tivity, the variation in resistivity is likely to be very great, some- 
times of the order of 100 to 1. 
regard to the paper, but it is not such a big factor as the oil. Of 
course, the ratio of oil to paper also depends somewhat upon 
the tightness of the paper and the perfection of impregnation. 

Hence, there is really no reason why one should get a uniform 
resistivity, and I rather suspect that it never is obtained except 
at very low values. You will have noted, in.Mr. Davidson’s 
curves, that the manufacturer who showed a uniform resistivity 
had a uniformly low one, whereas the one who had variable 
resistivity was generally high, and at one time it came down to, 
but not below, the other. I should rather suspect that, in the 
case of the manufacturer who had the low resistivity, there was 
either some unknown leak in the testing circuit or improperly 
dried or over-oxidized oil which rendered all the values constant. 

With regard to the dielectric-strength test, there is considerable 
misunderstanding about that, as is to be seen from the arguments 
about the direct-voltage proof test. Experiments have been 
made which show that cable tested with direct voltage has a 
tendency to break down at about 2.4 times the voltage that 
causes it to fail with alternating voltage. From this fact it is 
commonly deduced that proof tests with direct voltage should 
be 2.4 times the proof tests with alternating voltage. I do not 
think that this is a logical deduction because we are not inter- 
ested so much in the conditions at breakdown, as we are in 
applying a test which will not initiate injury, and we are yet 
lacking in information as to the relative, voltages, direct and 
alternating, which initiate deterioration. 

The dielectric-loss test has been shown to be useful in dis- 
tinguishing between two classes of cable, namely, those in which 
accumulative heating occurs at low temperature and at high 
temperature; it has, however, been rather generally assumed that 
because a cable with 5 per cent power factor is better than one 
with 20 per cent, therefore a cable with one per cent power factor 
is better than one with 5 per cent. 

I do not think that we have been justified in being so enthusi- 
astic about very low power factors. There are experimental 
reasons, substantiated to a certain extent, by practical experi- 
ence which indicate that very low power factors: may be dan- 
gerous because of the inability of the cables to absorb transients. 
When a transient gets loose on a line, if there is no place for it to 
be absorbed, it is likely to cause damage. This effect is of little 
importance at 13,000 volts, but becomes of increasing importance 
as greater voltages are used. 

Some definite information on this was published by G. W. 
Partridge in the Electrical Review, 1924, vol. 94, page 992. Some 
of the old Ferranti cables were on the same system as some 
modern cables. The old cables having high dielectric losses, 
especially in the joints had quite an advantage over the low- 
loss cables in the small number of pressure rises which occurred, 
especially at times of light load. 

The capacitance test is in the same class as the megohm test; 
it does not mean anything in relation to the value of the cable. 
It is one of the survivals from the old days of telegraph-cable 
engineering. 

The last of the five tests listed is the bending test, which seems 
to me a way of passing the sins of the cable installer and designer 
onto the cable manufacturer. The bending test seems to be in 
the nature of a confession on the part of the operating companies. 
It has stood and still stands in the way of progress in high-voltage 
cable design. 


What do we need to assure the permanent success of a cable? 
We need five things: 


First, ability to carry the normal voltage. 
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Second, ability to earry or dissipate probable transient 
voltages. 

Third, chemical stability. 

Fourth, high temperature of accumulative heating. 

Five, adequate but not excessive flexibility. 

The first and fourth problems have been fairly well solved— 
ability to carry the normal voltage and the making of the tem- 
perature of accumulative heating high—but the other three have 
not been fully solved. American cable manufacturers ought to 
be given an opportunity to concentrate upon solving those prob- 
lems instead of on trying to get uniformity in megohms, certain 
values of capacity, flexibility and other things which do not mean 
anything at all. 

E. W. Davis: There can be no doubt that the standard ac- 
ceptance tests as applied to low-tension paper cables are not a 
safe basis for determining the quality and performance of paper 
cable for the higher working voltages. For low-tension cables, 
the mechanical and physical tests of the insulating materials 
are often of equal if not greater importance than the electrical 
tests. But as we pass from low-voltage to high-voltage cables, 
and especially as we approach the high operating voltages of 
33,000 and 66,000 volts, the results of electrical tests assume tre- 
mendous importance. By a relatively short-time test, we must 
be able to determine the suitability of a paper cable for long- 
time operation. At the present time, we have much to find out 
about the electrical properties of a finished cable and the relation 
of these properties to the electrical properties of the various 
materials that go into the construction of the cable. 


It has often been found that paper and impregnating com- 
pounds which show the best results for mechanical and physical 
properties have the lowest values for electrical properties. 


While the insulation resistance of a cable as it is measured at 
the present time may be of doubtful value, yet the fault may not 
be in the method of measurement, but rather one of interpreta- 
tion. We have not as yet been successful in establishing any 
relation between d-c. resistivity and power factor. On the 
other hand, when we have had paper cables that showed insula- 
tion resistance values below normal, we have invariably found 
the cause either in materials used or processes through which the 
cable was put during manufacture. 


Long-time high-voltage tests are undoubtedly a necessary 
part of acceptance tests of to-day, to determine the suitability 
of a cable for high-voltage operation. On the other hand, the 
length of time and the proper magnitude of the voltage are un- 
known quantities. 


Standarization of testing apparatus, especially apparatus for 
making dielectric-loss and power-factor measurements, is a 
matter that should receive attention. All the present methods 
give fairly satisfactory and consistant results at the higher tem- 
peratures, but results at low temperature (20 deg. cent. and 
40 deg. cent.) vary considerably with the kind of apparatus used 
to make the tests. The Schering bridge offers, perhaps, a satis- 
factory solution for this problem. 

The question, of high-voltage d-c. testing is still open to dis- 
cussion. As in high-voltage a-c. testing, the question of the 
proper magnitude of the voltage is of vital importance. The 
speaker has in mind a cable system that apparently withstood an 
a-c. test of 30,000 volts but failed when retested on 25,000 volts 
d-e. No satisfactory explanation for this phenomena has been 
offered. ( 


C. L. Dawes: Mr. Lee in connection with the deseription of 
the Schering bridge mentions a three-stage audio-frequency 
amplifier which increases the sensitivity of the detector to the 
necessary value. At Harvard University, in connection with 
research being conducted under the N. E. L. A. Paper Cable 
Research Committee, we have developed an amplifier almost 
identical in design to the one used by Mr. Lee. In view of several 
recent queries concerning the design and use of such amplifiers, 


Feb. 1925 


Mr. Lee suggested that a description of such an amplifier might 
be of interest to the Institute at this time. 

In some of our measurements we use a high-voltage bridge, two 
of whose arms have impedances of several megohms. For a 
detector we use a vibration galvanometer also of the iron-vane 
type, but unlike the one described by Mr. Lee, it has electro- 
magnets and also it must be critically tuned. In order to 
function properly in our bridge the detector must have not only 
high power sensitivity but must also have a very high input 
impedance because of the high impedance of the bridge arms with 
which it is associated. We were unable to make the galvanom- 
eter itself fulfill these functions even when all the design factors 
were carried to the limit. Since the input impedance of a ther- 
mionie tube is very high, the use of such tubes in the detector 
circuit immediately suggested itself. Accordingly, a tube am- 
plifier was designed and constructed, the details being worked out 
by Mr. G. H. Browning, a Research Fellow in Electrical 
Engineering. 

At first, the amplifier consisted of seven stages but later as the 
galvanometer was improved the number was reduced to three. 
A diagram of the amplifier is shown in Fig. 8. 

Owing to the low frequencies with which we work, it was found 
desirable to use resistance coupling between stages, rather than 
than transformer coupling. Special 102-D tubes were used for 
the two stages, since this type of tube has an amplification 
factor of 30 or 40, whereas the usual amplifier tube has an ampli- 
fication factor of only 7 or 8. 


102-D Tube 201-A Tube 
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Fig. 8—AMPLIFIER FOR USE WITH GALVANOMETER 


In the last stage a 201-A or similar tube is used because its 
plate-cireuit resistance is substantially equal to the highest 
transformer input impedance which it was practicable to con- 
struct. This transformer between the last tube and the gal- 
vanometer is necessary in order to reduce the transition loss 
between the tube and the galvanometer, the galvanometer im- 
pedance being only of the order of 1500 ohms at 60 cycles. 

This amplifier theoretically gives an amplification of 3000, and 
rough tests have shown it actually to be approximately 1000. 
Although at first sight this amplifier appears simple, it was nec- 
- essary to overcome many difficulties before it became practicable. 
Considerable experimenting was necessary to determine the 

proper relation between grid condenser and the resistance of the 
grid leak. The amplifier is very sensitive to magnetic and 
electrostatic fields and hence must be earefully shielded from 
both. The shielding must be sufficient distance from the tubes 
to prevent capacitive feed back. The input lead and the gal- 
-vanometer lead must be twisted and surrounded by grounded 
sheaths, and yet the capacitance between these two sets of leads 
must be very low or feed back will result. With a high-impe- 
dance bridge, such as we use, itis absolutely necessary to bring 
the two input leads to ground potential, as otherwise capacitance 
e. m. fs. between these leads permit stray currents to flow in the 
bridge, resulting in a false balance. 

C.F.Hanson: At the bottom of page 112 in Mr. Lee’s 
‘paper he makes the'statement that three-phase power factor may 

be taken as the average of the power factor obtained with con- 

nection B at voltage HZ, and the power factor obtained with con- 

nection A at voltage E/+/3. I wish to say that my experience 
’ confirms that statement. 


At the bottom of page 113. Mr. Lee suggests that con- 
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nections A and B in Fig. 20 be standardized. These connections 
require single-phase testing and consequently four different 
connections on the cable are necessary to obtain the power factor 
in various parts of the insulation. Tio make these four different 
connections consumes a considerable amount of time. I should 
prefer three-phase testing because only one connection has to be 
made. The transfer of the measuring instruments from one 
phase to another can be done with properly designed air switches 
at ground potential. The time saved and the convenience gained 
is desired from a production point of view. 

If the ground on the sheath, connection B, Fig. 20, is removed 
and the sheath, instead, is connected to the middle point of the 
high-tension winding of the testing transformer, the current 
flowing in the wire connected to the lone conductor of the cable 
will be fairly accurately the three-phase charging current of the 
eable at voltage #. The three-phase dielectric power loss may 
accordingly be obtained with only one single-phase reading. 
Obviously, the lead sheath of the cable needs to be insulated from 
ground in order that the measuring instruments may be at 
ground potential. 

James A. Duncan: I was very glad to note the remark 
made this morning by a cable manufacturer’s representative to 
the effect that the manufacturers are now keeping an eye open to 
the possibility of impurities entering the cable in the oil used. I 
have in my hand a sample of paper given me as a fair representa- 
tive piece of what had been put into a number of reels of cable 
made by a certain manufacturer for the Brooklyn Edison Com- 
pany. This piece of paper has a resistance of less than an ohm 
and an average dielectric constant of infinity and a power factor 
which I have not measured, but which is probably somewhat 
execessive for so-called ‘insulation.’ 

In this connection it seems well to consider some of the im- 
purities which certainly exist in cable insulation and some of the 
reactions which are known to take place with such materials. 

Ozone, for instance, causes a number of reactions to take place 
in hydrocarbon oil. Messrs. E. W. Blair, T. S. Wheeler, and 
W. Ledburry report in the September 1924 Journal of the Society 
of Chemical Industry an experiment in which ozone was bubbled 
through boiling normal saturated hexane. The formation of 
formaldehyde and acetaldehyde in relatively large quantities and 
of small amounts of water, carbon monoxide and carbon dioxide 
were definitely shown to result. Probably all the acids up to the 
hexoie and the hexyl hexoate ester are also formed. 

It has long been known that certain metals catalyze the 
sludging process of mineral oils. Dr. Hans Staeger in the Schweitz 
Elektrotechnischer Verein Bulletin for March 1924 discusses the 
present state of our knowledge on this subject, including the very 
valuable part which his own experiments have contributed. He 
finds the presence of copper, brass, nickel, iron, zine, tin, alu- 
minum, lead, constantan and rheotan accelerate the acidulation of, 
and consequent sludge formation in, the oil. The magnitude of 
the effect varies, of course, with the metal and the time. 


Four hundred per cent more sludge was formed in 1000 hours 
in a sample of oil in contact with copper than in a similar pure 
sample. The sludges usually consist of both soluble and in- 
soluble (in oil) parts, and each of these parts may consist of both 
neutral and acid constituents. The oils oxidize the metals and 
in the case of copper, brass, zine and lead actually partially dis- 
solve them. Copper, zine and lead have been detected in the 
sludges formed in the presence of these metals. The insoluble - 
sludge with lead contained 20 per cent of the metal. 

Both aluminum and iron have been detected in samples of the 
so-called ‘‘cheese’’ or wax formation found in three different.’ 
cables. These impurities are easily traceable to the paper used 
in cable manufacture. The aluminum presumably goes into the 
paper in the form of alum, which is used as a size. I have de- 
tected it in five samples of paper, but failed to detect it in fibre 
just before it enters the last beating process in the paper 
manufacture. 
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The form or amount of aluminum in the ‘‘eheese’’ has not yet 
been determined. Samples of cable paper from every cable- 
paper mill and from every cable factory in the country have 
failed to produce so much as a square millimeter in which the 
presence of iron cannot be detected. The chemical test for iron 
is extremely sensitive and it is very possible that one might detect 
chemically iron occurring in such small quantities as to be of no 
importance. 

To avoid making this mistake, I have also applied a physical 
test by means of a magnet. 

It is astounding to me that the cable manufacturers are using 
“insulating” paper which contains pieces of iron of sufficiently 
large dimensions to be picked up with a magnet. I have several 
pieces of paper with such spots of iron in them that it is possible 
to ring a door bell in a battery circuit including two flat electrodes 
“insulated’’ from one another by the paper. 

Aside from the conductivity of the iron, it is extremely ob- 
jectionable for another reason. One could hardly imagine a 
better situation for the production of ionization than a region 
bespeckled with rough bits of metallic iron, unless it were bits of 
copper. 

Suppose we think of a cable as consisting of a very large 
number of small unit lengths and think of each of these units as 
consisting of a condenser and a resistance in parallel. These 
units will then all be connected in parallel. If we admit that, for 
reasons outlined above or otherwise, one of these units may be 
very different from the average of the rest. Suppose, for 
example, its conductivity is very high and its capacity either high 
or low. It then becomes immediately obvious why one would 
not expect the average resistance and the average capacity, 
dielectric constant, or any quantity depending upon the capacity 
to bear any single relation to each other, for the reason that when 
in parallel capacities add arithmetically, while resistances add 
reciprocally. One very low resistance may be the predominant 
factor in a parallel connection, while a low capacity would offset 
the average for the set very slightly. 

For example, in a cable supposedly divided into a thousand 
equal units, if one unit were altered so as to have one-thousandth 
the resistance and one-thousandth the capacity of its normal 
amount, the ayerage capacity would be altered 0.1 per cent, 
while the average resistance as determined by measuring the 
whole cable would change approximately 50 per cent. 

It seems to me, therefore, that the resistance ought to be one of 
our best tests because it can not be uniformly high unless every 
individual element of the cable is at least fairly high. In testing 
a length of cable in the ground power-factor measurements might 
not distinguish between a uniformly poor cable and one merely 
containing bad spots, while a kenetron test, for instance, will 
burn through the weakest element of a spotty cable. 


Herman Halperin: Near the beginning of the paper it is 
stated that “the best samples of three-conductor cable for 33 kv. 
have a breakdown voltage on short-time tests of 200 kv.” 
Three different makes of this kind of cable purchased by the 
Commonwealth Edison Company have had breakdown voltages 
of over 200 kv., and on one make the maximum voltage was 315 
kv. In the latter case the average breakdown on about five 
random samples was almost 300 kv. between conductors. These 
data are quite different from the figure given by Mr. Lee. 


The average gradient obtained in these samples was over 
400 volts per mil on one sample and over 600 volts per mil on the 
other sample, which values are about double the value of 250 
volts per mil given by Mr. Lee as being about the best obtainable. 


The cable insulation is a very important part in potheads and 
even though we have trouble with failures in the crotch on 
samples, it appears to me that the voltages obtained by break- 
downs in the potheads are an indication of the quality of the 
cable. For instance, in tests on seven makes of three-conductor, 
33-kyv. cable in Chicago and at the factories, we have found that 
old deteriorated 33-kv. cable might fail in the crotch at 125 kv., 
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while better or new cables of the same make would fail at about 
180 kv. Then the new samples of the three makes of 33-kv. 
cable previously mentioned withstood tests of over 200 or 300 
kv., after which they had failures in the potheads. 

The suggested increase of 20 per cent for full-reel high-voltage 
tests on three-conductor cables at the factory, seems to be 
insufficient. We have tested about twenty lengths of various 
makes of 200-ft. section of 12-kv. three-conductor cable and 
found that some cable which had been in service and failed due 
to defects in the cable, has withstood tests of 46 kv. for one, two, 
or three hours. These lengths had previously withstood factory 
tests of 30 kv. for five minutes. Increasing that factory test to 
36 kv. would have easily allowed considerable unsatisfactory 
cable to pass the requirements. An increase of 50 per cent is 
more reasonable to insure satisfactory cable, but even then some 
unsatisfactory cable might pass this test. It is for this reason 
that it is necessary to have the other tests in order that all the 
tests together will insure cable which will be satisfactory for 
operation. 

For instance, as pointed out in his Figs. 19 and 23, which show 
the variation of power factor with voltage at room temperature, 
if the increase in power factor is small the cable is superior to 
“poor cable” which has the large increase in power factor shown 
in Fig. 23. 

On the twelfth page a large number of factors are enumerated 
for the d-c. to a-c. ratio, and a conclusion is given that each 
individual case must be considered separately. This would 
result in a complicated set of formulas which would probably be 
impracticable. It appears to me that the ratio could be changed 
on the basis of some major considerations, such as temperature 
and thickness of insulation. 

Apparently the ratio now being used, that is, 2.4, is conserva- 
tively low because Mr. Lee’s tests show that the proper ratio 
is 3.0 for cable with insulation for 12-kv. service, and he states 
the ratio increased for larger thicknesses. 

S. J. Rosch: - The author describesfor the object of his paper 
“an attempt to devise a method of testing high-voltage cable, 
which will determine its operating characteristics in advance of 
its installation.” 

In looking through this paper, I find a series of statements of 
present practise accompanied by a series of statements showing 
the results of certain tests made by the company with which the 
author is associated. I fail however to see any real constructive 
criticism as to what values should be used as criteria for the 
determination of the suitability of cable before it leaves the 
factory. I am not wholly in sympathy with the author’s 
conclusions and the discussion I shall present, is an attempt to 
clarify some of the points which in my opinion the author’s paper 
has failed to do. f 

Of all the mysteries presented to the electrical engineer for 
solution, the most. baffling in my estimation has been the im- 
pregnated paper cable. It seems to me that the greatest cause 
for this mystery has been provided by the cable purchaser. To 
amplify this statement, let me say that the greatest cause for the 
lack of a proper ‘understanding of cable phenomena has been 
the vast multitude of specifications supplied by various pur- 
chasers for high tension cable. 


Take for example a cable for 13-kv. service. Specifications 
for this type of cable range from a wall of 9/64 in. on the conduct- 
ors and 5/64 in. on the belt to 14/64 in. on the conductors and 
8/64 in. on the belt. One can readily conceive that of two cables 
made of the same materials under the same routine, the cable 
with the heavier wall of insulation will certainly have the greater 
factor of safety. If, therefore, we start comparing the operating 
performance of 13-kv. cables of several utilities, we find our- 
selves comparing cables which should be alike, but which are 
absolutely foreign to each other. 


Until the present time, the purchaser has been specifying every 
criterion for the determination of cable quality, but apparently 
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the best of these specifications have been unable to pick out 
defective material. I believe it would be well to pause for a 
moment to see if we can trace some of the underlying causes for 
this fact. The testing of a cable generally consists of two phases, 
namely, 

(a) Tests made on the full cable length. 

(b) Tests made on a sample of this cable. 


Right here in my opinion is the erux of the situation for there 
has been entirely too much testing of the samples, and not enough 
of the cables. Look through your N. EH. L. A. reports or the 
proceedings of the A. I. E. E. and you will find that although 
cables intended for 33-ky. service have failed after only three 
months of service, nevertheless samples which were supposed to 
be representative of these cables, could not be broken down at 
230,000 volts. Furthermore cables whose samples did not 
break down at these high values, are operating without any 
difficulty whatsoever. What inferences can we draw from the 
above? The ones that I would draw are as follows: 


1. That the dielectric strength of a sample is not to be taken 
as indicative of the dielectric strength of the cable. 


2. That there may exist a compound which has high initial 
values, but which deteriorates rapidly under actual service 
conditions. 

3. That there may exist a compound which has moderate 
initial value, but which remains practically constant for a period 
of years. 

If what I say be true, the solution must be obvious. The 
standards by which a cable is measured must be revised. In 
revising these standards, we must bear in mind that it is the 
eable and not the sample which is to be placed underground. 
We must therefore begin studying the cable more closely and 
look to the sample to give us only such additional information as 
cannot be revealed by the cable. I shall now take up the 
various tests in their order. 


Fuui-Reet Hieu-VoutaGces TEst 


Until such time as the thicknesses of insulation for various 
working voltages are standardized, I believe that the following 
test values should be used. 

For cables up to 15 kv. the test voltage should be either 100 
volts per mil or two and a half times the rated voltage, the larger 
of the two values being the one to be used for the test voltage. 
The voltage should be applied for five minutes. For cables 
rated at 16 kv. to 25 kv., the test voltage should be either 125 
_ volts per mil or two and a half times the rated voltage, the larger 
of the two values being the one to be used. The voltage should 
be applied for five minutes. For cables rated at 26 kv. and over, 
the test voltage should be computed on the same basis as that 
prescribed for the 16- to 25-kv. class except that the period of 
application be fifteen minutes instead of five. 


On eables rated above 15 kv. one reel out of every ten should 
receive an additional test of twice the working voltage applied 
for one hour. I consider all of the above tests as the best yet 
advocated for the determination of high-quality long-endurance 
cable. The values advanced are not high enough to overstress 
the insulation, and yet provide a very considerable factor of 
assurance that the cable will stand up under the rated service 
conditions. The last test, namely, the one applied for one hour 
to one out of every ten reels, is one of the most important in that 
it gives a fair idea of the endurance ability of the cable in general. 
Choosing one reel out of every ten, is almost the same as giving 
each reel an endurance test, since the reel selected, will practically 
represent the condition of each particular batch of cable as it is 
manufactured. 


INSULATION RESISTANCE 
The subject of insulation resistance has always been more or 
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less of a joke in the paper-insulated cable industry. Every 
attempt at some form of standardized specification has recog- 
nized this fact in one way or another. In the Report of the 
Underground Systems Committee of the N. E. L. A. of 1922, 
embodying specifications for Impregnated Paper-Insulated 
Cable, under section 8, the first paragraph reads as follows, 
“The insulation resistance in a quantity having little significance 
except as a guide to the uniformity of the product; that is to say, 
a cable of high insulation resistance may be no better than one of 
comparatively low insulation resistance. Any important varia- 
tion revealed by test should be investigated with a view 
to ascertaining whether the particular length has undesirable 
characteristics.” 

On page 105 in Mr. Lee’s paper appears the following 
statement ‘“‘Although measurements of insulation resistance have 
been made on cables for years, and are still being made, the re- 
sults as determined by the standardized procedure are of doubtful 
value as being indicative of the suitability or unsuitability of 
cable for use.”” Mr. Lee further points out that in one case on 
thirteen lengths of 33-kv. cable manufactured during a three- 
months’ period, the ratio of insulation resistance between the 
highest and lowest cable was as five to one. He goes one step 
further by saying that in another case, on eight reels of 22-ky. 
cable made from the same paper, treated in the same compound, 
in the same tank at the same time, the ratio of insulation resist- 
ance between the highest and lowest cables was as four to one, 
and yet there had never been any evidence to prove that one reel 
of cable was any better than the other. It is practically impos- 
sible in the light of our present knowledge to attempt 
to explain the cause for the variation in the last men- 
tioned case because apparently the conditions were identical 
throughout. 


In spite of all of the foregoing, inspectors have rejected cables 
for a lesser variation in insulation resistance, simply because the 
cable manufacturer has been unable to expound some theory that 
would plausibly explain away these variations. On page 306 of 
the Electrical World issue of February 7th, 1925, under an article 
entitled ‘‘Progress in High-Voltage Cable Manufacture,” 
various causes are cited that led one large cable purchaser to 
reject cables in 1924 and among these is listed insulation re- 
sistance. Iam citing this case to show that although insulation 
resistance has not been considered of importance in determining 
high-quality cable, nevertheless, purchasers have used the results 
of this test to reject cables. 

If insulation resistance as now measured is meaningless, is 
there some method for making this test that will prove of greater 
value? I believe there is. 

Fig. 9 shown here represents the present method of making 
insulation-resistance measurements, namely, taking each con- 
ductor against the other two and the sheath which in turn is 
connected to earth. The faultiness of this method lies in the 
fact that we do not get the resistance of the various leakage 
paths separately, but collectively. 


Fig. 10d shows conductor No. 1 against No. 2, No. 3 and sheath 
and ground as in the ordinary method. Fig. 10e shows con- 
ductor No. 2 against No. 3 using both poles of the source of d-e. 
potential and giving an absolute resistance of the field between 
conductors. Fig. 10f shows conductor No. 3 against the sheath 
and ground which enables us to explore the field between one 
conductor and the sheath. Fig. 10g shows conductors 1, 2 and 3 
against the sheath which in turn enables us to explore the entire 
belt insulation. 


This method uses only one additional test per reel of cable. 
It isnot new, having been used as far back as 1910 to the 
speaker’s recollection, but it certainly tends to reveal consider- 
ably more concerning the leakage paths in a cable than the one 
shown in Fig. 9 which is in general use at the present time. 
Furthermore, tests d, e, f and g have a further value in that they 
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should bear a definite relationship to oneanother. Forexample, 


if the value of insulation resistance obtained on 


des ae Ces eee ee = 100 per cent 
Test e should be approximately = 160 per cent 
Test f he Tastes i = 125 per cent 
Test g Sao 4 = 70 per cent 


With the different types of compounds in vogue today, where 
the compound used might be a mixture of some solid substance 
combined with a very fluid oil, the relationship between these 
tests might vary, but the same rate of variation should exist for 
that particular manufacturer’s cables. There is one other point 
I would like to advance, that in the case where the insulation 
resistance appears to be low, the best way to determine whether 
it really is low, is to submit it to a three-minute electrification 


test. It is obvious that a conductor having a weak spot in its 
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insulation cannot have the same rate of electrification for three 
minutes as a good conductor. 


Power Factor, Dirtectric Loss anp [IONIZATION 


One of the largest cable purchasers in this country recently 
reviewed the results of tests made during 1924 on a very large 
order of 13-ky. cable. This order. was divided among six differ- 
ent cable manufacturers, the entire order having been inspected 
by what is undoubtedly the best testing organization in the 
country. This purchaser attempted to rate the six cable manu- 
facturers according to the tests obtained, with the following 
results: 

The manufacturer who had the greatest number of wrinkles in 
his insulation, the greatest number of creases in his paper, in 
short the poorest mechanical conditions in his cable, this same 
manufacturer who had the poorest impregnated cable, the lowest 
dielectric breakdown on a hot sample, the lowest dielectric break- 
down on a cold sample after bending, this same manufacturer 
nevertheless, had the best ionization characteristics, namely, the 
smallest variation in power factor between stresses of 20 and 100 
volts per mil, and also had the very lowest dielectric loss of all the 
cables manufactured for this purchaser. 

Let me bring up one more point. The company with which 
the speaker is associated, in 1900 manufactured and installed 
the first 25,000-volt cable ever made in this country. ‘Tests 
made recently on samples of this cable, showed that it had 
power factor of about 30 to 40 per cent at 100 deg. cent., that 
it would fail miserably on the bending test at — 10 deg. cent., 
and nevertheless this: cable is operating to this very day with a 
smaller number of proportionate failures than any cable of 
similar design manufactured within the past ten years. -One 
must necessarily ask the question as to how important are 
ionization, dielectric loss and power factor in the pre-determina- 
tion of the suitability of a particular cable for a certain definite 
service. 

In Fig. 24 of Mr. Lee’s paper, sample No. 3 which had the 
highest initial power factor of all four samples nevertheless stood 
up after 600 hours under the particular life test with a much 
smaller variation in power factor than the three others which 
had the lower initial values. All of the above in my estima- 
tion points clearly to the fact that power factor, dielectric loss 
and ionization have very little effect on the dielectric strength 
of a cable. In other words, a high power factor may or may not 
be accompanied by a high dielectric strength or vice versa. It 
seems to me that in the past, we have been a bit too rash in 
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condemning certain types of cables, and overrating others on the 
basis of test performance on dielectric loss, power factor and 
ionization. In the paragraph immediately above Fig. 24 Mr. 
Lee states ‘‘The Effectiveness of the power factor-voltage test to 
separate poor cable from good will have to be determined largely 
from experience.’”’ I am in absolute sympathy with Mr. Lee on 
that score and believe that although these measurements should 
not be discouraged, they should not be wholly used as a means 
for picking good cables from bad. 

There is no question that of two cables, the one having the 
lower dielectric loss, will have the higher current-carrying 
capacity. Let us confine ourselves therefore, to a reasonable 
value of power factors say a maximum of 5 per cent at 80 deg. 
cent. and 10 per cent at 100 deg. cent. and not attempt to try 
to make cables as perfect condensers. I can see no valid objec- 
tion to any series of tests, but I do object to setting up these tests 
as a criterion, when their value as such has not been substantiated 
to the satisfaction of all concerned. 


SAMPLES 


A 10-ft. sample cut from the end of a reel of cable can be used 
to reveal the following: 

(a) It may show that the cable which it represents can stand 
a bending test, but it cannot reveal whether or not a 10-ft. 
sample cut from the other end of the cable, will be as good as the 
first in meeting the bending test. 

(b) It may show that the cable which it represents has a high 
dielectric breakdown strength at 85 deg. cent. but there is 
nothing to indicate that a 10-ft. sample cut from the middle 
of the cable would yield as high a value. Tests made by the 
speaker on a number of samples cut from cables of different 
makes, have shown considerable variation in dielectric strength 


although the particular samples were taken adjacent to each 


other. 


(ce) A 10-ft. sample can however be made to show the physical 
make-up of the cable, the method of application of the insulation, 
the tensile strength of the insulation after drying and impregna- 
tion as compared to average values obtained on the new treated 
paper. In this way the inspector can tell whether the extremely 
high insulation resistance or low power factor obtained on a 
certain cable has been obtained at the expense of over-drying the 
paper insulation or whether it is inherent in the materials of which 
the cable has been manufactured. 


I would therefore recommend, in the absence of any better 
suggestions, that these physical and electrical tests on samples 
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be continued, always bearing in mind however, what the results 
obtained actually mean, and how far they can be applied in fixing 
eable quality. F 


Ratio or D-C. to A-C. In D-C. Hicgu-Vorrace Testing or 
CABLES 


The subject of d-c. high-voltage testing has assured some 
importance of late and has also brought out some adverse 
criticism due to the arbitrary way in which a ratio of 2.4 has 
been fixed. We know that when testing a cable with alternating 
current the insulation is subjected to the maximum value of 
the voltage wave, we should therefore conclude that it would be 
able to stand an equivalent d-c. value which should be equal to 
1.41 times the maximum a-c. value. Instead of this however, 
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we find that an arbitrary value of 2.4 times the root-mean- 
square a-c. voltage has been taken, which gives a value of 1.7 
times the maximum a-c. value, or an increase of over 21 per cent 
over the theoretical d-c. value to be used. With all due respect 
to the splendid work done by investigators both here and abroad, 
we are nevertheless confronted with the fact that the true ratio 
does depend upon the nature and structure of the material, upon 
the thickness of the insulation, upon the temperature of the 
material, the size and shape of the conductors and the rate of 
application of the applied potential. In other words of two 
similarly designed cables, one may be impregnated with a com- 
pound where the ratio of d-c. to a-c. may be more than 2.4 but 
the other may be less than that value, nevertheless both cables 
will have equal life when passing the a-c. installed voltage. In 
fairness to all concerned until more knowledge has been obtained 
on the results of this form of testing, I would suggest that each 
manufacturer be permitted to specify the ratio of d-e. to a-c. 
with which he would allow his cables to be tested. I am a firm 
believer in d-c. high-voltage testing of cables and expect to see 
the day when this form of testing will supercede all others now 
in use on both the factory and installation tests of cables. 


Proor Testing Arrer INSTALLATION 


I am a firm believer in proof testing of cables and would 
recommend that twice a year, cables be tested at one and a half 
times the rated voltage for fifteen minutes. This would not 
overstress the cable insulation, and yet would be sufficient to 
give assurance that the cable was going to operate satisfactorily. 
Above all, I would earnestly recommend that the utility engi- 
neers inform the cable manufacturer of the results obtained on 
his cable during service, so that he can link up the experience 
gained in the factory with that obtained under actual operating 
conditions. i 

I. M. Stein: I was very much interested in the new galva- 
nometer mentioned in this paper, and am sorry Mr. Lee didn’t 
say more about it. Very often in a-c. measurements, progress 
is retarded by lack of a suitable detector. When we have a 
new one, it may open up paths for further progress. I hope, 
therefore, Mr. Lee can tell us more about his new detector. 


I had the pleasure of reading Mr. Atkinson’s paper on Bridge 
Measurements of Dielectric Losses, which appeared in the 
February issue of the Electric Journal. The detector used by 
Mr. Atkinson is somewhat different from Mr. Lee’s and doesn’t 
require any amplification. JI am wondering if Mr. Lee can tell 
us the advantage of his detector over the one used by Mr. 
Atkinson, which I believe is an iron-core dynamometer. 


Bridge methods are known to have the advantage that the 
- detector does not have to be calibrated, as in a bridge the detector 
is used as a null instrument. However, there are null methods 
which are not bridge methods, and one which is particularly 
suitable for measuring the power factor of cables is shown here- 
with in Fig. 11. 

In the method shown an uncalibrated dynamometer serves as a 
null detector. This does not mean that there is no current 
flowing through one of the dynamometer coils, but rather that 
whatever current is flowing through one coil is in quadrature 
with that in the other. 


The operation consists merely of rotating the inductometer 
until the dynamometer indicates zero; then the power factor is 
read directly from the scale of the inductometer, which may 
have a range of 0 to 5 per cent power factor. 


A direct-reading power-factor seale is obtained by compensa- 


ting (with a condenser and shunting resistance) for the residual 
inductance of the inductometer, the inductance of the potential 
coil and the phase angle of the potential transformer. The 
phase angle of the potential transformer may vary somewhat 
with the applied voltage, and one terminal of the compensating 
condenser is made adjustable to take care of this phase-angle 
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change. The adjustable terminal of the condenser is coupled 
with a voltage scale, and by setting the index of this scale to the 
working voltage, the change in phase angie of the potential trans- 
former is compensated automatically. 

It.is usual to make tests at a low voltage and at five times this 
voltage. A range-changing switch may be provided, which oper- 
ates on both the series coil and the potential coil in such a way as 
to give the same sensitivity at low voltage and five times low 
voltage, still retaining the direct-reading power-factor scale. 

Unlike Mr. Atkinson’s bridge arrangement, this equipment is 
intended for one use only; namely, for measuring the power 
factor on full-reel lengths of cable. Because of the simplicity of 
the arrangement, together with the direct-reading power-factor 
seale, only a few seconds are required to make each measurement. 

H. W. Eales: It is probably fair to say that the need of users 
still exceeds the capability of the makers taken in numbers. 
The data developed in the paper applies mainly to short lengths of 
land cables of moderate voltages, with maximum of 33-kv. 

Departure from these values brings the user into untried fields. 
Testing equipment has been designed for short lengths and mod- 
erate voltages, the number of makers equipped to test cables of 
very high voltage and long lengths being very few. Those who 
use 66-ky. to 132-kv. cable have very little experience of others to 
zo by. 
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Fie. 11—Merruop or Measurine Powir Factor or CABLE 


Fortunately, progress is made by trial. Unusual interest is 
therefore attached to the 66-kv. and 132-ky. installations at 
Cleveland and Schenectady respectively, and to the announced 
purchase of 35-kv. 350,000-cir. mil three-conductor sector 
submarine cables which are to be installed in the Mississippi 
River at St. Louis, each of which will be made up in half-mile 
lengths without splice, or twice the length heretofore attempted 
for this class of cable. 

R. W. Wieseman: When alternating current is used for test 
ing, the wave shape of the applied voltage must remain the same 
throughout the test if consistent and dependable results are to be 
obtained. The sine wave is universally recognized as the stand- 
ard wave form of voltage. 

- In eable testing it is extremely important that the generator 
should have a sine wave of voltage at all conditions of load. The 
generator voltage wave must therefore be free from all harmonics, 
especially tooth ripples. Otherwise the condenser capacity of the 
cable will greatly amplify the harmonies and the current wave will 
be saw-tooth instead of smooth, also additional dielectric losses 
will occur in the cable insulation. Furthermore, the generator 
must be stable throughout a wide voltage range when delivering 
large leading-zero-power-factor currents. 


The testing generator shown by Fig. 4 of the paper was de- 
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signed especially for cable testing. The excellent voltage-wave 
characteristics shown by Fig. 5, and by the table at the bottom of 
page 106, were obtained by a suitable choice of armature 
winding pitch and distribution. This type of generator can be 
short-circuited either three-phase or single-phase and the full 
normal-load current wave at zero voltage has a maximum devia- 
tion factor of only 1.5 per cent. A generator which has these 
characteristics is ideal for testing purposes. 


P. W. Sothman: “Too many of our high-tension cables are 
coming up to specification but not up to expectation.’”’ In 
other words we test the proposed cable and find everything o. k. 
We put it into service and too large a percentage fails under 
operation, which shows that there is something wrong. 

Quite often the consulting engineer is called into conference too 
late, 7. e., after trouble occurred which in many instances could 
have been avoided. 

The characteristics which we know and have observed in over- 
head high-tension transmission lines are familiar to us. In 
underground cables the phenomena are often 10 to 20 times more 
severe in destructive effect than in overhead systems, due to the 
characteristics of a cable. The result of our work on overhead 
lines has been the design of surge-preventing or surge-reducing 
apparatus. In the underground systems nothing or very little 
has been done to make the over-potentials, surges, ete., harmless 
or to prevent them. 

There is much room for closer cooperation between the cable 
manufacturer and the utility company. Hach one should place 

the observed facts open to constructive criticism and discussion. 
"We learned from one discussor that the oil companies do not 
pay any too great attention to the quality of the raw materials 
delivered. The same is true of the paper manufacturers, which 
simply means that the cable manufacturers must treat the ma- 
terials individually and cannot adopt a standard method. The 
treatment should be continued until tests prove the material has 
been made satisfactory. 


The company which installs the cable also should do its part. 
I have seen cable pulled into duct in such a manner that the force 
applied was greater than the elastic limit of the cable. I even 
know of cases where new cables were pulled in two. Further- 
more, the tools used in the laying of cables are often obsolete and 
not suitable. For instance, the pulleys through which the cables 
move often have flat grooves instead of grooves to fit the contours 
of the eable.- The bearings in the guide pulleys are often com- 
mon holes, whereas roller bearings would reduce the friction 
greatly and should be used. See Fig..12. The consequence of 
such flat grooves is that the cable is damaged and will not per- 
form properly. 

Personally, I do not approve of our cable specifications in 
respect to dictating the minimum insulating thickness, as this 
does not spur the cable manufacturers to use the very best in- 
sulating material. My suggestion would be to say, ‘The in- 
sulation or distance between conductors should not be more than 
so many thousandths of an inch.” 


G. E. Luke (by letter): It is noted that the insulation 
resistance of the cable is measured after a one-minute application 
of the d-c. voltage. It is well known that such a reading is not 
the true ohmic resistance, since the transient current measured at 
this time interval may be several times greater than the final 
steady value due to the absorption effect. Hence, in a general 
way, this current will be a function of the power factor as shown 
in Figs. 1 and 2. It is suggested that this apparent resistance 
be measured at the end of a five or ten minute period since such 
a value would be very near to the true resistance; also a reading 
should be taken 10 to 30 seconds after voltage application. The 
ratio of the short-time reading to the long-time reading would 
be approximately the ratio of the absorption current to the 
true conduction current and would be an indication of the 
condition of the cable. (See paper by Phelps and Tanzer, 
A. I. E. E., 1923, p. 54.) 
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In the conclusions (1) the author says ‘‘Values of insulation 
resistance as heretofore obtained are of doubtful worth as a 
means for distinguishing between satisfactory and unsatis- 
factory ecable.’’ It is agreed that such measurements will not 
classify average-gvade and high-grade cable but should in some 
eases be able to distinguish between defective cables and passable 
eable. Thus in electric machines insulation resistance is taken 
before the high-voltage test in order to determine if the insulation 
is in condition to withstand the test. In such cases a very 
low resistance might indicate absorbed moisture or defective 
insulation. 

In reading the data given in Figs. 10 to 13 on breakdown volt- 
age-time curves at various temperatures, nothing could be 
found as to whether the temperature specified applied to the 
conductor, sheath or ambient air. For example, in Fig. 10 the 
temperature given was 25 deg. A voltage application of several 
times normal value will result in an elevation of the insulation 
temperature, hence it would be interesting to know the maxi- 
mum insulation temperature for each test. This raises the 
question—Was the insulation breakdown due to high tempera- 
tures, chemical action, or to a dielectric puncture at normal 
temperatures? Of course, combined effects may be present; 
however, it is suspected that the thermal action dominates. 

It is suggested that the longer life of the cable on endurance 
run at 50 deg. cent. compared to 25 deg. cent. may be due to the 
lower viscosity of the impregnating compound and hence better 
distribution. If this is true, then it is an argument for the more 
fluid compounds. 


Cable reel 


Fig. 12—Use or Punirys ror Putting CaBLE 


Regarding the nature of the failures as outlined in two classes, 
(1) those where the puncture is radial and clean, and (2) those 
where the puncture is accompanied by deterioration, we also 
experience similar failures in armature coils. Those of the 
first class are usually due to a sudden application of a high 
voltage, while those of the second type are due to a long-time 
application where cumulative chemical and thermal action may 
dominate. Failures of the first type may be due to voltage 
impulses of very short duration and may be classed as funda- 
mental dielectric punctures. 

The efforts to determine the ‘‘germ” of a breakdown by 
exploring the sheath temperatures were interesting. It would be 
of value to know the maximum internal insulation temperature 
corresponding to the sheath temperatures measured. This 
“hot-spot” correction would be considerably greater were it not 
for the equilization of the temperatures due to the conduction 
of heat along the heavy lead sheath. 


The tree designs on some of the paper due to corona in the 
air spaces emphasize the fact that good impregnation is desirable. 
This raises the question—What per cent of the free space is filled 
in practise? In other words, what per cent of air space can be 
expected in such cables 


E. S. Lee: It has been a great pleasure to have such excel- 
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lent data presented to us in the discussion of this paper, par- 
ticularly since the general conclusions of the paper are substan- 
tiated thereby. 

Dr. Whitehead asks whether the curves between the power 
factor and insulation resistance give the order in which the 
observations were taken. The answer is, no. These data 
are plotted with the values of insulation resistance in ascending 
order, the lowest value first. Power factor values are plotted 
corresponding with the respective values of insulation resistance. 
This method of plotting (in order of ascending or descending 
- values without regard to time) has considerable merit in cases 
where a large number of observations of a single quantity are 
obtained, since a graphic picture of the variation of the observa- 
tions is clearly presented. 

Regarding insulation resistance, I recognize, as all do, that 
we would like to have every piece of similar cable that comes from 
the tanks to be of the same insulation resistance, and that we 
would like to have that value just exactly the right value. At 
the expense of having it thought that perhaps our processes were 
not absolutely controlled, I have taken data to show the wide 
variation that may exist, and data have been presented by others 
showing this same wide variation in other cables. But what I 
had hoped to hear in discussion was that where the variation is 
large the cable will not live, and that where the variation is small 
the cable will live. There does not seem to be evidence to sub- 
stantiate such a conclusion, however, whichis all that I have tried 
to say in my paper. 

As regards dielectric strength, I think there is nothing else to 
say. I have merely suggested that present standardized values 
should be increased. In the absence of a rational basis for es- 
tablishing values of proof-test voltage, we will have to arrive at 
such values through conference, and modify them from experi- 
ence. Referring to Figs. 10 to 13, the temperatures indicated are 
ambient. Mr. Davidson’s suggestion that the data are not 
extensive enough to justify lines being drawn through the points 
with precision is quite right. The lines might better have been 
drawn dotted. The purpose of the curves was to give a picture 


of the relation of the present standardized test voltages, rated 


voltages, and breakdown voltages. 

Mr. Atkinson’s scheme for adapting his bridge for measure- 
ment of power factor and dielectric power loss from three-phase 
supply is quite unique and appears to have great merit. It is 
quite possible that the Schering bridge may be somewhat simi- 
larly modified to allow of such measurement therewith. 

Regarding Mr. Stein’s question about the dynamometer, it is 
' a remarkably fine instrument. It requires no tuning. We use 
it down in the factory. It stands on the table, with men working 
all around it, the crane running about ten or fifteen feet above it, 
-and still it does its job. It is oil-filled. Its sensitivity is about 
two-fifths, I caleulate, of what Mr. Atkinson gives in his paper, 
which is, I think, about 50 microamperes per millimeter. This 
would then be about 20 microamperes per millimeter. This is 
with the amplification, which is 100 or 125. So it isn’t quite as 
sensitive as Mr. Atkinson’s, but it does the work. 

Mr. L. T. Robinson has often said: ‘‘When we used to have 
only one bridge in the laboratory, we could measure the resistance 
of anything very accurately and get its value. But when we got 
two bridges’”’ he said, ‘‘we couldn’t do quite as good a job in 
measuring the resistance.”’ 

Well, we have had the dynamometer wattmeter method and 
used it. Mr. Shanklin operated with it and got good results. 
So when we applied the Shering bridge we said, ‘‘Let’s see what 

’ we shall get’’ and the paper shows you what we have been able to 
get under probably the best conditions. I show differences there 
in power factor of 0.002, that is, 0.2 per cent power factor, and in 
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one case the bridge is high andin the other case the dynamometer 
is high, which is good. We have had results that vary as much 
as 0.4 per cent between the two measurements, but nothing 
more than that. So I feel that we are in very good agreement, 
and this little galvanometer does it. 

As regards testing installed cable, I am gratified to have Mr. 
Davidson bring data which show that he has arranged that all of 
the d-c. tests which will be made on his system will be available 
in graphic form, with the voltage and the current values shown 
together on one instrument chart. Thus a permanent record of 
what has occurred will be available for study, which should 
enable us to'learn more of the value of the d-c. test. 

As regards the d-c. to a-e. breakdown voltage ratio, I wish 
again to call attention to the fact that while for any given break- 
down voltage with a-c. there is no doubt a corresponding break- 
down voltage with d-c., the relation between these two is de- 
pendent upon so many variables that each case has to be consid- 
ered separately. Such a situation, therefore, requires caution in 
drawing conclusions relative thereto. 

One more thing: We obtain the breakdown with d-c. and we 
obtain it with a-c., and we take the ratio. What we want, how- 
ever, is a suitability test. Thatis, we want to put some kind of a 
test on the cable and not break the cable down. We want the 
cable to continue to live and be useful, but we want to know 
whether it is of such value that we ought to continue to let it live 
and be useful. Thatis the whole point. 

The best we can do, is to obtain a proof-test voltage value 
from what data we have, and we have the breakdown ratio. 
If the breakdown ratio for a particular kind of insulation is 2.4 
and we say that is the best we have, then we are using the best 
we have, though that may not be exactly what we want. We 
have to find out by experience. But if we will recognize how we 
arrive at the value of d-c. to a-c. ratio, that is, from breakdown 
values, and that we are applying it to a proof test, then I am sure 
any differences that may appear on the surface will easily be 
straightened out, and everybody will be in absolute agreement. 

As to Mr. Roper’s tabulation, such an idea has merit and it 
seems that if we can continue to cooperate in obtaining what is 
considered by all to be a fair rating of the various items presented 
in that tabulation, it will be a step in the right direction. I 
want to note in this connection, however, that we are rating a 
good many properties that are not directly measurable. That 
is, we look at a thing, and we feel of it, or something of that kind, 
and then give it arating. We would like, however, to be able to 
measure it in some way or another, which is what we must strive 
to do, as has been brought out by several discussors. 

In a lighter vein, if Mr. Duncan’s remarks are recalled, it 


might be thought perhaps that the title of this paper should have 


been “‘Testing High Tension Iron-Impregnated-Paper-Insulated 
Lead-Covered Cable.’’ But with all due respect to the paper sam- 
ples that hemay have,and with all due respect to what has been 
said about the variations in oil, I want to say thatthe folks who 
supply the compound and the folks who supply the paper are in- 
terested in supplying the cable manufacturers with material that 
is as uniform as possible. And, in turn, the cable manufacturers 
are taking those materials, with what variations may exist therein, 
and are putting them through thenecessary processes to produce 
long lengths of uniform insulation. A satisfactory means of 
determining the uniformity along a 500-ft. length of cable is not 
available however, since all the test methods now used (which 
do not destroy the cable) give a summation of the whole. One 
of the greatest needs of the art is a test method for determining 
the uniformity of insulation without harming it. Such is a 
subject for both industrial and collegiate research which ought 
to be actively pursued. 


Predicting Central Station Demand and Output 
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Synopsis.—For relatively long-term predictions of central 
station demand and output, of the order of one year or more, the use 
of constant (or approximately constant) yearly percentages of growth 
is common and well understood. This method is frequently applied 
by straight, or nearly straight, line projection of the plot of past 
data on semi-logarithmic paper. 

When the term of the prediction is less than one year, or when 
detailed estimates are required throughout any year, this method 
fails on account of the seasonal variations. 

In this paper is investigated the nature of the seasonal variations 
in the daily load curve of the company with which the author is 
connected, as they affect the output and the peak demand. 

The variation of the kilowatt-hour output is first analyzed: and 
it is found that, in a year fairly free from abnormal business con- 
ditions, a plot of the ‘‘normal midweek day’’ outputs on semi- 
logarithmic paper can well be rationalized to a curve whose com- 
ponents are an inclined straight line and a single-frequency sine 
curve. 

This curve is represented analytically by the following equation: 

y =Je([1 + L cos (0.986 r — M )°] 

In this equation, e is the base of the natural system of logarithms: 
r, the number of days (positive or negative as the case may be) 
counted from a given zero date: and J, k, L and M are parameters 
to be determined for each curve. 

Factors are included for determining the output on holidays, 


Sundays, Mondcys and Saturdays, as compared with adjacent 
“normal” midweek days.” 

For short-term peak demand predictions, the method employed 
is to separate into three components that portion of the daily load 
curve beginning at 2.30 P. M. and ending one and one-half hours 
after sunset. 

These three components are a constant ‘‘base load,”’ 
block’ and an “‘evening block.’ 

In the formula; 

c= AF @)+2bF@) AC 
expressing this condition, the maximum value of the afternoon 
block is designated A, the maximum value of the evening block B, 
and the value of the base load C. 

Both F (t) and f (t) are found to be exponentials in the data used 
and their forms are given with methods of evaluating the parameters. 

However, even this stage having been reached, the formula is still 
in awkward shape for obtaining, analytically, the solution most 
often desired,—namely, the value of the peak demand and the time 
at which tt will occur. 

A graphical construction is, therefoye, developed which solves 
simultaneously for these two quantities. This solution is equally 
valid if the form of F (t) and that of f (t) are defined only graphically, 
it is not necessary that their analytical expression should be known, 
nor even that they should be analytical in character. 
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OR avariety of reasons, predicting future conditions 
is frequently necessary in most commercial enter- 
prises. As regards the peak demand and output 

of central station companies, the forecasts required fall 
into two distinct classes. 
LonG TERM PREDICTIONS 

The first class extends usually from one year or 
thereabouts to a number of years in the future, admit- 
ting of latitude in the estimation of values increasing 
with the length of view. 

The methods of making forecasts of this class are 
quite simple and well understood, and will not be dis- 
cussed here in detail. 

It should be stated that the material of this paper is 
almost entirely taken from the records of the company 
with which the author has been connected for some 
time; but such data from other companies as has been 
available support the view that the theory developed 
is of very general application. 

In the case of the company mentioned, and in most 
others, it is found that, taken over a number of years, 
the growth of the yearly kilowatt-hour output and the 

‘maximum yearly peak approximates very closely to a 
constant yearly percentage increase. For this type of 
load growth, plotting on semi-logarithmic paper is 
particularly suitable, since the plot then sida pet 
to a straight line. 


' te Ha ae Engineer, Philadelphia, Electric Co., Phila- 
elphia, P. 


Praaonied at the Midwinter Convention of the A. I. HE. E., 


New York, N. Y., February 9-12, 1926. 


To estimate the growth for any period in the future, 
it is merely necessary to project this straight line as far 
as is required, allowing for such modifying conditions 
as may be anticipated. Fig. 1 shows the result of such 
a plot for the company mentioned above. 
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Fig. 1 


If the growth does not approximate to a constant 
yearly percentage increase, it is only slightly more 
difficult to project the actual growth-curve, whatever 
its shape, into the future for the required period, allow- 


ing as before, for modifying conditions. 
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SHORT TERM PREDICTIONS—GENERAL 


The second class includes predictions of relatively 
short extension into the future, from one year or there- 
abouts down to a few hours. In this class of predic- 
tions, of course, considerably greater accuracy is 
desired. 

To companies working under an operating budget 
system, it is important to predict the monthly outputs 
for each month of the budget year, in order that suit- 
able allocation can be made among the individual 
stations and proper allowance made for fuel cost, etc. 
The prediction of daily peak demand for several months 
ahead is of value in arranging construction and major 
maintenance schedules. Itis useful toa load dispatcher 
to know, on any given day, (in the middle of the after- 
noon, for instance) what peak demand he must expect 
that day, particularly so, if the day is unusually dark 
and stormy, making probable a high peak and prevent- 
ing the direct use of the days immediately preceding 
as a guide. 

In the following analysis the term “‘normal midweek 
day”’ will be used extensively. Tuesdays, Wednesdays, 
Thursdays and Fridays will be designated ‘‘normal 
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midweek days;’’ omitting, however, any of these which 
happens to be a half holiday, a full holiday or the day 
after a full holiday. For instance, in the week con- 
taining Thanksgiving Day, there are only two “normal 
midweek days,’’ Tuesday and Wednesday. 


SHORT TERM PREDICTIONS—KILOWATT-HOUR OUTPUT 

Probably everyone who has investigated the varia- 
tion of central station output throughout the year has 
observed the periodic nature of this variation. On 
more or less rational grounds, based on the practically 
single-frequency harmonic variation of the principal 
cause of the output variation (the variation of the hours 
of daylight), the presence of a single-frequency harmonic 
component in the output variation would be suspected. 


But as output data are usually available by calendar 


months, the regular character of the periodicity is not 
apparent. Two factors account for this; first, the 
varying number of days per month, and second, the 
varying number (both among different months of the 
same year and among corresponding months of different 
years) of normal midweek days, Mondays, Saturdays, 
Sundays and holidays per month. 
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In eliminating the effect of these factors, the value of 
using only the normal midweek day outputs or, better 
still, the average of these for each week, is shown by 
Fig. 2. The points plotted on this chart indicate the 
average normal midweek day output for each week of 
1923 and of the latter part of 1922. Semi-logarithmic 
paper has been used for this plot because it is natural 
to expect the growth during short periods of time to 
partake of the same exponential character as that over 
longer periods. 

It is comparatively easy to insert by inspection an 
inclined base line having superimposed on it a sine 
curve which approximates the plotted points quite 
closely. 

In inserting this base-line, it should be noted that 
its height and inclination are determined by the re- 
quirements that its alternate intersections with the 
group of plotted points must be exactly one year apart; 
also that the upper and lower lobes of the curve must 
be of equal heights. It is to give an additional point 
of intersection that the extension into the preceding 
year is made. 

The form of the equation expressing this curve 
analytically is 

y =Je"[1+4+ Leos (0.986r— M)°] (1) 
in which e¢ is the base of the natural system of logarithms; 

r, the number of days (positive or negative as the 
case may be) counted from a given zero date; and 

J,k, L and M—parameters to be determined for 
each curve. 

The coefficient 0.986 is the ratio of 360 (the number 
of degrees in a circumference) to 365.25 (the average 
number of days in a calendar year). 

In the equation (1), the term Je” represents the 
base line. Whenr = 0 

Je = J 

In Fig. 2, if January 1, 1928, is taken as the zero 
date, J is equal to 3,190,000,— the ordinate of the base 
line at that date. 

The value of k is given by the slope of the base line. 
For instance, on January 1, 1923, (ro = 0) Je” = 


3,190,000; on January 1, 1924, (r; = 365) Je” = 
3,800,000. 
J ef 305k 
17 a 365k 
3,800,000 Seo meaeare 
371 00000 mui aeeiie 
@365k = e0 176 
0.176 
aiisin gee .000482 


M is equal to the number of days from the zero date 
to the spring intersection of the complete curve with 
the base line, less one fourth of 365.25; or to the number 
of days from the zero date to the fall intersection of the 
complete curve with the base line, less three-fourths of 
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365.25. 
value 2. 


Let r2 be the value of r which makes the expression 
(0.986 r — M) equal to zero; and let y. be the corre- 
sponding value of y. Then 


== Y2 
icgh CFs 


In Fig. 2, r2 = 2.025, and the date is January 3, 
1923. On that date, y = 3,460,000 and Je” = 
3,193,000; therefore, 

3,460,000 
Ly = 3,193,000 ~ 1 = 0.0886 

The complete equation representing the curve of Fig. 

2 is then 
y = 8,190,000 e9-04827 [1 + 0.0836 cos (0.986 r — 2)°] 

It would, of course, be possible to locate this curve 
and deduce the values of the parameters by strictly 
analytical methods, using least squares, etc.; but the 
labor of doing this would not be justified by the ac- 
curacy and consistency of the data. 


If no change is expected in the rate of growth, the 
base-line and sine-curve are projected into the ensuing 
year with the slope unchanged. If, however, it is 
expected that other influences, not predictable from 
past performance, will affect the rate of growth, either 
upward or downward, the inclination of the base-line 
and consequently of the sine curve, must be modified 
accordingly. In either event, the ordinate of the pro- 


In Fig. 2, M@ has been found to have the 
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Fig. 3—Curve 1—Monpay, 


jected curve at any point gives the value of the kilo- 
watt hour output for an average normal midweek day 
at the date corresponding to the abscissa. 


To derive the monthly outputs from the values for 
normal midweek day output throughout the year, it is 
necessary to determine the number of normal midweek 
days’ output to which each week’s output is equivalent. 
It has been found in the experience of the company 
mentioned above that the following relations hold quite 
closely among the days of any week: 
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Average of normal midweek days....... 1.00 
Monday or day after full holiday........ 0 96 
paturday-or half holiday.;.....00. 028 0.86 
Sanda yeor full holiday... vai .v.s 8 eR 0.57 


By combining these multipliers correctly for each 
week or fraction in a month, the total monthly output 
may be estimated. 


The method here outlined may not give greatly 
superior results to purely empirical estimating by one 
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Fig. 4—Curve 1—Tuespay, Dec. 6 
2—SaturDAy, Dec. 3 
3—F'RIDAY, JUNE 17 
4—Saturpay, JUNE 18 


thoroughly familiar with the characteristics of load 
variation for a number of years; but it is much more 
desirable in that it affords a logical analytical basis for 
estimating instead of placing dependence entirely upon 
a “‘trained guess.” 


SHORT TERM PREDICTIONS—PEAK DEMAND 


The following analysis of daily load curves is valid 
only for systems whose seasonal load variation is un- 
restrained. For instance, it does not apply to the 25- 
cycle load of the company mentioned earlier, because 
the demand in this system is restricted by contract 
limitations; all demand above a. definite value being 
carried by another system in parallel. It is applicable, 
however, to the 60-cycle system of this company and 
the accompanying illustrations are taken from load 
curves of this system. 


The analysis is based on the separation of that portion 
of any daily load curve starting about 2:30 P. M. and 
ending about one and one half hours after sunset into 
three components—a constant ‘“‘base load,” an “‘after- 
noon block’ and an “evening block.” In Fig. 3 are 
shown typical summer and winter week day load curves 
for the year 1920, and portions of the load curves for 
adjacent Saturdays. The portions of the Saturday 
curves which resemble closely the week-day curves, are 
omitted for clearness. Figs. 4 and 5 show correspond- 
ing sets of curves for the years 1921 and 1922. In the 
summer curves of all these charts, the outlines of the 
upper parts of the afternoon and evening blocks are 
easily distinguishable, since the superposition of the 
blocks is of negligible effect, except in the lower parts 
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on week-days. The winter curves present greater diffi- 
culties; and it is particularly in reference to these that 
accurate predictions are usually of value. 

Purely empirically, it has been found that the lowest 
value of an adjacent Saturday afternoon is suitable as 
a value of the constant base load for week days. 
Rationally this choice is not without justification, since 
on Saturday the afternoon block is practically negligible. 

Fig. 6 shows typical winter load curves only for 
the year 1923, a week day and an adjacent Saturday. 
In this figure the separation of the week-day curves 
into three components has been made graphically, the 
base load (which will be designated C) being equal to 
96,000 kw.; the maximum value of the afternoon block 
(which will be designated A) being 76,000 kw. and the 
maximum value of the evening block (which will be 
designated B) amounting to 105,000 kw. By inspection 
it is found that the highest combination of the afternoon 
and evening blocks which can be made occurs at 5 
o’clock, when the afternoon block has the value of 
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Fic. 5—Curve 1—Tuurspay, Dec. 14 
2—SatTurpay, Dec. 9 
3—Monpay, JUNE 26 

4—SaTuRDAY, JUNE 24 


56,000 kw. and the evening block the value 101,000 kw. 
The resultant of the three components is then 
96,000 plus 56,000 plus 101,000 = 253,000 kw. The 
actual peak of this curve occurred at 4:57 P. M., and 
amounted to 250,000 kw. 

For any given date, the portion of the daily load curve 
under consideration can be closely represented by an 
expression of the form 

z=AF(H)+BfOH+C 
in which ¢t = hours P. M. 

F (t) is a function of t, whose analytical form is 
as yet undetermined, defining the shape of the after- 
noon load block; and similarly f (¢) with respect to the 
evening block. C = on a Saturday, the minimum kw. 
demand of the afternoon; on a week day, the minimum 
kw. demand of the preceding Saturday afternoon. 

A = (kw. demand at 2:30 P. M.) — C 

When the load curve is such that the value of the 
afternoon block 1.5 hours after sunset is negligible (on 
Saturdays through the entire year, and on week days 
from spring to early fall) B = (kw. demand 1.5 hours 


(2) 
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after sunset) — C. But the days, when the presence 
of an appreciable afternoon block component 1.5 hours 
after sunset masks the value of B, are just the days for 
which a knowledge of its value is most desired—namely, 
late fall and winter week days. For these days B must 
be determined in another manner, to be described later. 

The demand at 2:30 P. M. has been chosen for deter- 
mining A, because at that time complete recovery from 
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Fig. 6—Curve 1—Tuurspay, Dec. 20 
2—SaturpDay, Dec. 15 


the noon dip has been made, and also the value of the 
evening block is negligible, even at the season of 
maximum overlap. - 

The choice of 1.5 hours after sunset as the time for 
determining the value of B was likewise guided by the 
fact that at that time the rise of the evening block to 
its maximum value is complete, and also, even in the 


Fic. 7—Typican WEEKDAY Loap Curves (SOLID), AND 
Portions oF Saturpay Loap Curves (Dorrep) For Hacu 
Monts rrom Marcu to DrecEemBer, 1923. 


summer, no falling off from this maximum has occurred. 

Fig. 7 shows the seasonal variation for the year 1923 
in greater detail. It is a diagrammatic form of the 
Annual Load Relief Map, described in a paper by W. L. 
Robertson (TRANS. A. I. E. E., Vol. 36, p. 1073); using 
for the sake of clearness only a single pair of curves per 
month. . 
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Inspection of Figs. 3, 4, 5, 6 and 7, conveys the 
impression that both functions, F' (¢) for the afternoon 
drop-off and f (t) for the evening pick-up, are exponen- 
tial in character. This impression is confirmed if for 
each of these functions superposed curves for a large 
number of days, taken in various years and at various 
seasons, are plotted. 

It is easy to derive comparable values of these func- 
tions, suitable for superposing, from the data available 
in’ the daily load curves. Division of the load curve 
values, A F (¢) and Bf (t), by A and B respectively, 
gives directly the corresponding values of F' (¢) and f (t), 
which may then be expressed either as decimals or in 
percentage for plotting. 

It has been found that the composite plot of the 
afternoon block curves can be well represented by the 
curve of Fig. 8, for which equation is of the form 

F (t) = e— lee) 
in which p is the zero time at which the decrement com- 
mences; and a is the reciprocal of the number of hours 
from p to the time when the value of F () is e— or 
0.368, since when 


1 
—[a(t-p)]* = p—! wis = CF ees 
e e, [a (¢— p)] = lora = 

The insertion of the particular values of p and a 

taken from Fig. 8 results in the equation 
F (t) = (0.429 (¢-3.15)]* 

It is found that the composite plot of the evening 
block curves is best fitted, not by a single curve, but by 
a family of similar curves, forming a band about 20 min. 
in width. The extreme curves of this band—those for 
a clear day and for a very dark day—are shown in Fig. 9. 


5 
HOURS — P.M. 
Fig. 8 


For any condition of cloudiness between these extremes, 
a correspondingly intermediate curve would represent 
the evening block. The form of the equation of these 
curves is 
f= e— lbh +a-H))? 

in which h is the time of sunset, hours P. M.; q is the 
number of hours from h to the zero time when the maxi- 
mum value of the evening block has been reached; and 
b is the reciprocal of the number of hours from the time 
when the value of f (¢) is e-!-or 0.368 to the zero time, 
h+4q. 
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The following particular values are met in the curve 
family of Fig. 9: 

b is equal to 1. 

q ranges from 1.25 for a clear day to 0.917 for a very 
dark day. 

h varies nearly harmonically through the year, from 
about 4:20 P. M. in late November and early December 
to about 7:15 P. M. in late June and early July. 


=1 0 
HOURS AFTER SUNSET 
Fie. 9 


The method of determining the value of B for week- 
days during the period of overlap of the afternoon and 
evening blocks, rests on a relation observed between the 
Saturday and week day values of B through the re- 
mainder of the year. Reference to Fig. 7 will indicate 
the existence of a ratio approximately constant between 
the Saturday and week day values of B for the months 
March to September inclusive. Table I, giving numer- 
ical values of A, B and C taken from the curves of Fig. 7, 
confirms this indication and shows that the approximate - 
value of the ratio is 0.75. 

Assuming the ratio 0.75 to hold also for October, 
November and December, the week-day values en- 
closed in parentheses have been derived from the corre- 
sponding observed Saturday values; and these derived 
values have been used successfully in estimating the 
week-day peak. 


TABLE I 


VALUES OF A, B AND C IN THOUSAND KILOWATTS 
FOR THE LOAD CURVES OF FIG. 7 


A B B ( 
Weekday 
Weekday Saturday | Weekday | Weekday | Saturday and 
Saturday 
March 5 March 3 75 85 65 70 
April 6 April 7 80 85 63 67 
May 11 May 12 80 80 60 65 
June 13 June 9 85 th) 55 65 
July 11 July 7 85 65 50 65 
Aug. 3 Aug 4 80 65 50 70 
Sept. 25 Sept. 22 85 80 65 75 
Oct. 19 Oct 20 82 (93) 70 80 
Nov. 15 Nov. 10 80 (96) 72 85 
Dec. 20 Dee: 5 15 76 (105) 79 96 


Since the analytical form of each component of the 
portion of the daily load curve under consideration has 
now been determined, with suitable values of the para- 


Feb. 1925 


meters for various conditions, it would be possible, when 
it is desired to find the time and value of the peak for 
any particular date, to set up the complete equation, 
inserting for h its proper value taken from a table or 
curve, and for q a value depending on the state of the 
weather; to differentiate with respect to t; to equate the 
derivative to zero; and to substitute the value of ¢, thus 
obtained in the original equation. This procedure, 
however, would be out of the question by reason of its 
complexity. A graphical method, much simpler but 
equally accurate, has been developed to overcome this 
difficulty. 

Equation (2) is repeated here in the functional form 
rather than in the analytical form, since, in the graph- 
ical method, it is not necessary that the analytical ex- 
pression for each of the functions F (t) and f (t) be 
known, nor even that they should be capable of being 
expressed analytically. 

z=AF@Q+BfOH+C 
Differentiating (2) with respect to t. 


(2) 


dz _AdF (t) Bdf (t) 
1d hed dt 
Equating to zero and dividing by A, 
(Wun Ai sat 810 Laie 
dt Anata t 
dF BB df : 
iio yeaa: 3) 
d F (t) 
Geometrically, the term di represents the slope 
of the curve of Fig. 8 at any value of t; while the term 


df(t 
_ aot represents the slope, not of one of the curves 


of Fig. 9, but of its negative—that is, a curve having 
ordinates of the same absolute value, but extending 
downward from the horizontal axis. The term 


B_ df(t) , . 

po aag pe correspondingly represents the slope of a 
: Bie 

curve whose ordinates are — unk times those of one of 

the curves of Fig. 9; and whose functional form is there- 


B 
fore — es f@. 


Equation (3) indicates that the geometrical condition 


: ; d F (t) 
fora maximum of z is that the slopes rar and 
BY 
Sa ut shall be equal. Fig. 10 shows the graphic 


method of accomplishing the solution. In this figure, 
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the solid lines indicate lines drawn on a fixed sheet, the 
solid curve being a repetition of the curve of Fig. 8 and 
the fine vertical line being drawn at the time of earliest 
sunset; while the dotted lines indicate lines drawn on a 
sheet of tracing cloth, celluloid or other non-opaque 
material, which is adjustable to any desired position on 
the fixed sheet. The curves on the movable sheet are 


B 
members of the family represented by — oP Ve Pe): 


B 
taken for values of Ave ranging, as indicated, from 0.6 


to 1.4 at intervals of 0.2. On the sheet the variation in 
position of the curves, with respect to the time of sunset, 
due to weather conditions, is taken into account, not, 
as in Fig. 9, by having a single axis of sunset time and 
shifting the curves between the extremes shown, but by 
having a single set of curves and shifting the axis of sun- 
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set time correspondingly. In using these sheets, it is, 
of course, necessary to maintain the horizontal and 
vertical axes of the movable sheet horizontal and verti- 
cal with respect to the fixed sheet. 

In order that times on the movable sheet and on the 
fixed sheet shall correspond, either one of the extreme 
positions of the sunset axis on the movable sheet or some 
intermediate position (depending on the state of the 
weather) must be ad‘usted to coincide with the time 
of sunset as read on the scale of the fixed sheet. Then, 
holding this horizontal setting, the movable sheet must - 
be adjusted vertically until the curve bearing the correct 


B 
value of a is tangent to the curve on the fixed sheet. 


At the point of tangency the slopes of the two curves are 
equal, and this satisfies the condition of Equation (3) 
for a maximum value of z. 

Not only does the abscissa of the point of tangency 
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indicate the time at which the peak occurs; but also the 
ordinate of the point of tangency gives the value of the 
afternoon block in per cent of A at that time, and the 
height from the point of tangency to the horizontal axis 
of the movable sheet, read on the scale of the fixed sheet, 
indicates the value of the evening blockat thesame time, 
likewise in percentofA. Therefore, the ordinate of the 
horizontal axis of the movable sheet, read on the scale 
of the fixed sheet, gives the value of the sum of the after- 
noon and evening bloeks. 


In the particular example shown in Fig. 10, Ar is 
1.2 (this would be the case if B were 90,000 and A 
75,000 kw., for instance), the day is very dark and sun- 
set occurs at 4:25 P. M. When the movable sheet is 
adjusted horizontally so that the line for a dark day 
coincides with the time 4:25 P. M. on the fixed sheet, 


and vertically so that the curve a = 1.2 is tangent 
to the curve on the fixed sheet, the abscissa of the point 
of tangency gives 5:03 P. M. as the time of the peak, 
and the ordinate of the horizontal axis of the movable 
sheet gives the value of [A f (¢) + Bf (t)] as 182.5 per 
cent of A. The peak value of the load curve is then 
given by the equation 
2=C+1.825A 

The estimation of peak demands by any method based 
on the values of the actual total peak for corresponding 
periods of past years is open to several criticisms. 


In such a method, no consideration is taken of the 
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possibility that one or more of the previous years may 
fail to give a reliable indication, on account of the 
absence of stormy weather at the time of the peak. It 
is also tacitly assumed that the shape of the load curve 
remains constant. This assumption is equivalent to 
the assumption that the three components, A, B and C, 
distinguished in the present investigation, increase in 
the same ratio; and this assumption is not justified. 

Furthermore, it is difficult not only to make a re- 
liable estimate of the peak at a given date in the future, 
but also to correlate and check such an estimate, 
when made, with actual peaks as the given date 
approaches. 

On the other hand, the separation of the components 
of past peaks allows the growth of each component to 
be observed individually, regardless of whether or not 
it has been combined at any particular date with the 
maximum overlap. It is then relatively simple to pro- 
ject the growth of each component, at its own growth- 
rate, to the desired date, and to combine the estimated 
values properly. 

The reliability of an estimate of peak prepared in this 
way results both from the accuracy with which the 
individual components may be predicted and from the 
probability of compensating errors in the values of the 
components. 


A great advantage in this method is that, after an 
estimate has been made, it may readily be checked at 
any time as the date approaches by noting whether the 
values of the components taken from current load 
curves confirm the original estimate or indicate the 
necessity of a revision. 


The Thermal Time Constants 


of Dynamo-Electric Machines 
BY A. E. KENNELLY* 
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Review of the Subject.—Considering the thermal behavior 
of a dynamo-electric machine intended for continuous service, its 
acceptance tests require, at present, only a limiting temperature 
elevation under a continuous rated load. For the intelligent 
operation of a machine after it has been put in service, additional 
tnformation is desirable concerning its thermal behavior under 
changes of load. This subsidiary thermal information concerning 
a machine with a continuous rating may consist of (1) its final 
temperature rise under some steady load other than its rated load, 
such as either 75 per cent or 125 per cent of the rated load, and (2) 
its thermal time constant. 

The thermal time constant of a machine, assumed as conform- 
ing strictly to an exponential law of temperature rise above a con- 
stant ambient temperature, after being transferred suddenly from one 
steady load to another, is taken as the time required to attain 1—¢€—} 
or 63.2 per cent of the final temperature change. This may be 
called the exponential thermal time constant. This is a funda- 
mentally scientific quantity; but is very awkward to remember or to 
explain to a person not well versed in the mathematical theory of 
the subject. 

It is recommended in the paper that for all practical engineering 
work, a new time constant called the binary time constant be used. 
It would correspond to the ‘Period,’ or ‘‘Half-value period,” 


‘§ T is proposed to discuss the nature, applicability and 
advantages of the thermal time constants of dynamo 
machines, from an engineering standpoint. Al- 

though, broadly speaking, the subject is not new, it is 

believed that certain new branches of it are here pre- 
sented for consideration. 


STEADY STATE. THERMAL CONDITION 


We may assume, to begin with, that a dynamo 
machine is operated continuously under a steady load, 
and in a place where the whole environment (air, walls, 
floor and ceiling) is maintained at a steady ambient 
temperature 7’, deg. cent. In practise, these conditions 
can only be imperfectly realised, and the temperature 
of the environment fluctuates with time, besides being 
subject to some variation in different parts at any one 
moment. Under the conditions assumed, however, the 
machine will attain eventually a steady thermal con- 
dition. We may assume that, at least as a first approxi- 
mation, the thermal conductance of the steel stator 
framework and rotor core are sufficiently great to main- 
tain a virtually uniform temperature in all their parts. 
The insulated windings, however, when steadily heated 
by the working currents, may develop very appreciable 
thermal drops, or differences of temperature, in different 
parts, owing to the interposition of thermal resistance 
in the insulating materials. Setting aside these differ- 
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already used in the Science of Radio-activity and in measurements of 
Radio active decay. A binary time constant is that time in which a 
machine, assumed as conforming to an exponential law of tempera- 
ture change, after being suddenly transferred from one steady load to 
another, attains one half of the final temperature change (50 per cent). 
In two binary time constants, it will then attain 34 (75 per cent) of the 
final temperature change, in three of them YYths (87.5) and so on. 
This is an easy relation to remember and explain. A binary 
thermal time constant may be taken, for practical purposes, as 70 
per cent of the classical exponential time constant. It is more 
strictly 69.32 per cent. 

Although dynamo machines do not rigidly follow an exponential 
law of temperature change, for reasons discussed, yet for many 
purposes the deviation therefrom may be ignored. It is recom- 
mended that the binary time constant of all such machines may be 
adopted, where practical, for industrial use. 

In rotating machines, there are two thermal time constants, 
the constant-loss time constant, and the variable-loss time constant. 
The latter, expressed as a binary constant, is the practical one 
presenting itself for use. 

The binary thermal time constant has also useful applications 
in correcting the final ambient temperature during a continuous- 
load test, when the ambient temperature has been observed to change. 


ences for the present, we may assume that the whole 
machine arrives at a steady maximum temperature 
T , deg. cent. or attains a rise of temperature above the 
environment of 


Oo = De 2 f Me (1) 


The heat dissipated from the machine to the environ- 
ment, due to the elevation of temperature, escapes by 
three different. ways,—conduction, radiation and con- 
vection. The quantitative laws of these three modes 
of dissipation are very different; but it is generally 
admitted that, within the range of working tempera- 
tures permitted in dynamo machines, the dissipation 
may be regarded as proportional to the temperature 
elevation, and also that most of the heat in modern open 
machines is dissipated by fluid convection; 7. e., by 
circulating air, in the case of generators and motors, 
and by circulating oil in the case of transformers. 
Consequently, if p watts are steadily generated in the 
machine as heat, the thermal dissipation must also 
amount to p watts, or 


p = 8s 


deg. cent. 


watts (2) 


where s is the thermal dissipation coefficient of the 
machine, in watts per deg. cent. temperature elevation, 
including all three modes of dissipation. The dissi- 
pation coefficient s might be measured in simple cases 
by measuring the internally wasted power p, and the 
maximum temperature elevation ©); but for ordinary 
purposes, s does not require to be known with pre- 
cision. It is evident that s increases with the size of 
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machine for any given type; because the thermal waste 
of energy p, at rated load, increases with the size, 
while @), the temperature elevation under rated load, 
remains the same, or nearly the same. 


MAXIMUM TEMPERATURE PERMISSIBLE 


The modern theory on which the thermal rating of 
dynamo machinery is based, considers that there is a 
certain working temperature, above which the insula- 
ting material undergoes thermolysis or active deteriora- 
tion. This is the critical temperature for the type of 
insulation employed. Below the critical temperature, 
it is supposed that the working lifetime of the insulation 
is indefinitely long. The hottest spot on the conductor 
of the machine is therefore at all times to be kept from 
exceeding the critical temperature, which, for class A 
insulating materials of impregnated cellulose, is at 
present set at 105 deg. cent. The hottest spot in the 
winding of a machine may not be accessible to tempera- 
ture measurement, and must ordinarily lie on the inner 
surface of the insulation, next to the copper conductor. 
By allowing a conventional drop of temperature of 15 
deg. cent. between the hottest internal spot of the 
insulation and those external parts into or onto which 
exploring thermometers may be applied, the maximum 
permissible observable temperature under continuous 
rated load becomes 90 deg. cent. by thermometer. 
Field windings may have their average temperatures 
conveniently measured by resistance, and for such 
measurements a conventional drop of 10 deg. cent. is 
taken as developed between the hottest spot and the 
measured value. 


AVAILABLE OUTPUT AS DEPENDENT ON TEMPERATURE 
RISE 


It is generally accepted, as the result of experience, 
that for practical purposes, the ultimate temperature 
rise at normal sea-level barometric pressure is inde- 
pendent of the initial and ambient temperature within 
the usual range. Thus, whether we operate a machine 
in a cool, outdoor space at 10 deg. cent., or in a warm 
engine room at 40 deg. cent., the rated output of the 
machine, steadily maintained, will bring about the 
same ultimate temperature rise of say 50 deg. cent.; 
so that the outdoor machine would show 60 deg. cent., 
and the engine-room machine 90 deg. cent. This 
independence of the temperature rise greatly simplifies 
the discussion. On the other hand, the density of the 
air, as determined by the local reading of the barometer, 
has a marked influence on the dissipation constant s 
of rotating machinery; because although the radiation 
of heat and conduction of heat by solids are independent 
of the air density, the convection of heat by air circu- 
lation is immediately affected. By International 
Electrotechnical Commission (I. E. C.) agreement, no 
correction needs to be introduced until the elevation is 
1000 meters above sea level; although a graded, rather 
than a sudden, correction would be logically preferable. 

If the loss of energy in a machine were always in direct 
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proportion to the output; 7. e., if the efficiency were 
constant at all loads, the ultimate temperature elevation 
by (1) might be expected to increase directly with the 
load. If the rated output ultimately produced 50 
deg. cent. rise, half the rated output might be expected 
to produce 25 deg. cent. In practise, however, the 
losses increase more rapidly than the output, and 
different machines differ in this respect. Consequently, 
the ultimate temperature rise increases faster than the 
output. If we plot the observed maximum temperature 
rise against output, we obtain a rising curved line, the 
precise algebraic expression for which may be compli- 
cated. If, however, we confine ourselves to outputs 
between say 50 per cent above and 50 per cent below 
the normal rated output, we may expect to find that 
the ultimate temperature rise Q, is, to a first approxi- 
mation, a simple power of the output or 

On GL deg. cent. (3) 
where ¢ is a constant, P the watts output (maintained 
long enough to reach substantially constant maximum 
rise) and ©, is the rise in deg. cent. corresponding 
thereto. This means that if the output and tempera- 
ture rise are plotted on logarithm paper, the graph will 
be approximately a straight line. This is indicated in 
Fig. 1, where the abscissas are in percentage of the rated 
load, and the ordinates indicate the ultimate observed 
temperature rise. Thus at 100 per cent of rated load, 
the observed temperature rise is 43 deg. cent. and at 
125 per cent of rated load, it is 64 deg. cent. The 
straight line A OC may be taken as representing the 
behavior of temperature rise versus output between ~ 
50 per cent and 150 per cent of rated. load, for the 
particular machine considered. Then the exponent n - 
of formula (3) is the ratio of O B to A B in the figure. 
This is nearly 1.8 in the case shown, so that over the 
range of load considered, the temperature rise varies 
approximately as the 1.8th power of the load. Recip- 
rocally, the output varies as the 1/nth power of the 
temperature rise, or in the ratio A B: BO, which is 
0.56 in Fig. 1. The output in this case varies as the 
0.56th power of the temperature rise. 

In order to know, with reasonable precision, how the 
temperature rise of a machine behaves with respect to 
sustained outputs, we need either a diagram like Fig. 1, 
or the value of the temperature—output exponent n in 
(3). This value differs with the size, type and make of 
machine. It commonly lies between 1.4 and 2.0. 
Equivalent information would be the temperature rise 
at say 25 per cent sustained overload. 

In order, therefore, that the particular machine of 
Fig. 1 should not develop a higher observable thermom- 
eter temperature than 90 deg. cent., the output should 
be 108 per cent for an ambient temperature of 40 deg. 
cent., 120 per cent for an ambient temperature of 30 
deg. cent., and 130 per cent for an ambient temperature 
of 20 deg. cent. Good operating practise might call, 
however, for some reduction of these loads, as no margin 
would be allowed on them for accidental variations in 


Feb. 1925 


ambient temperature or other irregularities of service. 

The present I. E. C. international rating of a machine, 
with class A insulation, calls for an ultimate tempera- 
ture elevation of 50 deg. cent. under continuous load, 
as the test rating. The maker’s rating would presum- 
ably be slightly less, so as to fall within the test rating. 
The machine whose thermal behavior is indicated in 
Fig. 1 would be 7 deg. cent. below the test rating, or 
its rating could be increased 8 per cent without exceed- 
ing the I. E. C. limit. 
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Fic. 1—AprproximaTE Straicgut Linge RELATION BETWEEN 
ULTIMATE TEMPERATURE Risk AND STEADY LOAD FOR A 
Dynamo MacHINE 


THE TRANSIENT STATE OF TEMPERATURE ELEVATION 


When the output of a machine is changed abruptly 
from one steady value to another, or when at constant 
output the ambient temperature changes quickly from 
one steady value to another, the thermal state of the 
machine changes slowly from the initial condition to a 
final condition, corresponding to the impressed change. 
The transition is a transient phenomenon; although it 
may require many hours to complete, within the limits 
of engineering measurements, and theoretically the full 
transition requires infinite time. From an engineering 
viewpoint, the temperature change in the machine is a 
transient. It has long been known! that under the 
assumed limitation of constant losses in the machine 
during the transition, the transient is a simple exponen- 
tial transient, like that of the current strength in a 
simple continuous-current circuit containing both 
resistance and inductance. It has recently been shown 
by P. Girault? that the temperature transient is still 
simply exponential when the iron losses are constant, 


1. “Temperature Curves and the Rating of Electrical 
Machinery.”’ R. Goldschmidt, Jour. /. E. EH. London. March, 
1905. Vol. 34, pp. 660-691. 

“The Heating and Cooling of Electrical Machinery,’ P. 
Grice, Jour. I. E. E. London. Noy. 1912, Vol. 51, 1913, pp. 
840-851. 
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but the copper losses increase according to the resistance 
temperature coefficient of the windings. 

It is proposed to carry this proposition here one stage 
further, and to show, on the assumption that the iron 
losses also follow a straight line law of change from the 
initial to the final temperature, the change in tempera- 
ture of the machine will remain a simple exponential 
transient, with a time-constant curve. 

Fig. 2 indicates a simple circuit of resistance R, and 
non-ferric or air-cored inductance £, carrying a 
steady initial current of J; amperes from a storage 
battery of negligible resistance, through a recording 
oscillograph O. A switch, S enables the e. m. f. of the 
battery E to be suddenly increased from 20 to 50 volts, 
or suddenly diminished from 50 to 20. A sensitive 
relay A, automatically inserts a protective resistance r 
in circuit with the upper part of the battery, when the 
switch S places that battery on short-circuit. 

EXPONENTIAL TIME CONSTANT Te 

If J, be the initial steady current.strength (amperes) 
and J, the final steady current, after throwing the 
switch at time ¢ = 0, the transient current 7 at any 
intermediate instant, according to well-known princi- 
ples, is a 
a7=I1,+ U,-— 1.) € &T 


amperes (4) 
where ¢€ is 2.71828 . . ., the Napierian base 
and f= Sih Te seconds (5) 


a time constant, equal to the inductance in henries 
divided by the resistance in ohms, which is 0.005 second 


R=20"), 2 9s 6.10 
2—SimpLtE ContTinuous-CurRRENT Circuir FoR Dts- 
PLAYING A SIMPLE EXPONENTIAL TRANSIENT 


Fig. 


in the case of Fig. 2, and which we may call an exponen- 
tial time constant, denoted by the symbol Te, to distin- 
guish it from other time constants to be considered 
later. 

Fig. 3 indicates the transient current curve A BC 
...N OP, on opening switch S, as we might expect to 


2. “Sur l’échauffement d’un organe de machine électrique 
soumis A-des pertes dans le fer constantes, et 4 des pertes par 
effet Joule,” P. Girault, Rév. Gén de 1’ Hlectricité. 2nd & 9th 
Dec. 1922, Vol. XII, pp. 873 and 874; also 28th July and 4 Aug. 
1923, Vol. XIV, pp. 115 and 147. 
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find it recorded by the oscillograph O Fig. 2. The 
current starts at J; = 1.0 ampere fort = 0. After the 
lapse of re, one exponential time constant, it has reached 
C, at 1.948 amperes, having risen 0.948 out of the total 
change 

N= fey = hb amperes (6) 
that it has to cover. The fraction 0.948/1.5 = 0.6321, 
- may be called the attainment, at the point C considered. 
The remainder Cc, 


6 = J,—17 = 0.552 amperes (7) 
is what is left to be overcome. The fraction 
6 rn 0.552 ees 
Nig Te 5 mr se 
may be called the deficiency at this point. At any 


instant, the sum of the attainment and the deficiency 
is unity. At C, one exponential time constant from 
A, the deficiency is always 1/e, or 36.79 per cent, and 
the attainment 63.21 per cent. 
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Fie. 3—SimpLte EXPONENTIAL TRANSIENT OF CURRENT IN- 
CREASE FROM 1, = 1.06, le = 2.5, 7, = 0.005, r2 = 0.00347, ri 
= 0.01151 Srconp 


att = 2 re, or point EL in Fig. 3, the deficiency 


EUR eet oe 
A ee’ 1.5 
and the attainment is 1 — e = 0.8647. 
Att = 3 re, or point J in Fig. 3, the deficiency 
Obed 050747) « 
A 44! 1948 
and the attainment is 1— e* = 0.9502. This is 
probably the simplest statistical relation to express, or 
to remember, concerning an exponential time constant; 
i. €., that in three of them, the deficiency is very nearly 
5 per cent. 

It is to be noted that at any point of the curve, such 
as C, Fig. 3, the tangent C e cuts the final current line 
I2, at a time distance beyond c, of ¢ e, equal to the ex- 
ponential time constant.’ Consequently, if we know the 
final steady current J2, and can trace the curve of the 
transient at any point with sufficient precision to draw 


0.0498 = e° 
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the tangent, we can measure the time constant 7, 
graphically, the subtangent on the final line I; being 
constant, and equal to 7. 
We may rewrite equation (4) in the form 
t 
4 = f: 2 + A er te 
or in the case of Fig. 3 1 
7 =2.5—1.5€ 0005 amperes (9) 
Because I, — Iz is negative, we apply the negative sign 
to A. 
The exponential time constant is, from a mathemat- 
ical standpoint, the fundamental property of the simple 
exponential transient; but it’ is awkward to employ 
practically, or to explain in simple terms. When we 
say that after the lapse of one exponential time constant 
the deficiency is 1/2.71828, we do not convey a simple 
conception, except to a person familiar with the mathe- 
matical subject of exponentials. 


amperes (8) 


BINARY TIME CONSTANT 7,2 


We may, however, restate (8) as follows 
t 
— Ife = 6 =) /A\ ents 


amperes (10) 


t 
2 = a = ¢°69315 X069315 deficiency ratio (11) 
But 
¢0°69315 —— (12) 
so that 
5 Sates ee 
ay = 2 0.69315r« —2 7 deficiencyratio (13) 
where 


Tt = 0.69315 7, seconds (14) 
That is, we may transfer the deficiency from the 
Napierian base e to base 2, and substitute for the 
exponential time constant a new time constant 72, 
which is very nearly 70 per cent of te. This new time 
constant 7. may be called, for distinction, the® binary 
tume. constant. The binary time constant would then 
correspond to what has already been known for some 
years as the “Period,” or ‘“Half-value period,’’ in the 
science of Radio-activity, and in the measurement‘ 
of radio-active decay. 

In Fig. 3, the time A B’ = 0.00347 second, is shown 
as equal to the binary time constant 72. At the time 
t = T2, the current will have reached B’, and the defi- 
ciency 6/A at this moment is 2! or 14. The attain- 
ment is likewise 44 Again, at t = 2 rT. = 0.006938 
second = d’, the deficiency is 2-? = 14, and the attain- 
ment 1— 2 = 8, Similarly, at ¢ = 3 rT. = 0.0104 
= f’, the deficiency is 2-* = \%, and the attainment 
1— 2+ = 7/8, corresponding to point F. Five binary 
time constants are marked on Fig. 3, as far as 7’, where 

3. “Time Constants for Hngineering Purposes in Simple 

, Exponential Transient Phenomena’’ by A. E. Kennelly, Proc. 
Nat. Acad. Sciences. Nov. 1924. 


4. ‘Practical Measurements in Radio-Activity.”’ 
and Geiger, 1912, p. 81. 


Makower 
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the deficiency is 2-> = 1/82, and the attainment 
31/32. 

The binary time constant 7, is just as sound mathe- 
matically as the fundamental exponential time constant 
T. and is always approximately 70 per cent of the 
latter. The binary time constant has the practical 
advantage that it is easier to remember and explain. 
In 72, the attainment and the deficiency are both 4, 
or 50 percent. In the next 72, the attainment is to 4% 
of what was left over, or to.34, andsoon. Thisis an 
easy concept to remember or to explain. It is recom- 
mended that, in engineering, exponential time constants 
be replaced by binary time constants. 


DECIMAL TIME-CONSTANT 710 


Although from the practical and descriptive stand- 
points, the binary time constant rv. has marked ad- 
vantages over the exponential time constant Te, neither 
of these lends itself to ease of computation at indis- 
criminate values of t. We may however rewrite (11) 


in the form 
t 
“ = ¢ 73026 X ~ a z0R6re deficiency ratio (15) 
= 10-7 deficiency ratio (16) 
where 
Ti0 = 2.3026 Te (17) 


By substituting the decimal time constant 710 for the 
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Fig. 4—Simete EXpoNenTIAL TRANSIENT OF CURRENT 
DecrEASE FROM 1, = 2.5 To 12 = 1.0,7, = 0.005, 72 = 0.00347, 
to = 0.01151 Srconp ; 


exponential time constant, we obtain in (16) an ex- 
pression for the deficiency at any assigned value of t, 
which can be evaluated quickly with the aid of any 
ordinary table of logarithms. 

In Fig. 3, the point g’, where ¢ = 0.01151, marks one 
decimal time constant. At this moment the current is 
at G, and the deficiency is 10-', or 0.1. The attainment 
is (1— 10) or 0.9._ Again, at t = 2 71, the current 
has reached L, where the deficiency is 10-? or 0.01, and 


the attainment is 1 — 10-*, or 0.99. Att = 8 T10, the 
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deficiency, at 0, is 10-° or 0.001. From a practical 
standpoint, the decimal time constant is too long, since 
the attainment is then 0.9. 

Fig. 4 shows the corresponding transient of decrease, 
when the switch S of Fig. 2 is closed. The curve in 
Fig. 4 is the same as in Fig. 3, but inverted. The same 
formulas apply and 


t 


7=10+1.56€ % amperes (18) 


All three time constants 7,, Tz and 71» are indicated in 
Fig. 4, and their applications are the same as in Fig. 8. 
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Fie. 5—ReEcrininrAR ATTAINMENT-TIME Constant Dta- 
GRAM ON InNvERTED AriTH-Log PapER, FoR Drecimat, Expon- 
ENTIAL AND BINARY TIME CONSTANTS ; 


STRAIGHT-LINE GRAPHS OF DEFICIENCY AND ATTAIN- 
MENT ON INVERTED ARITH-LOG PAPER 


Fig. 5 shows that the graphs of attainment and de- 
ficiency become straight lines on inverted arith-log 
paper for all three time constants. Thus at one time 
constant, the attainment is 0.5 with the binary, 0.632 
with the exponential, and 0.9 with the decimal time 
With the aid of this chart, computations 
relating to simple exponential transients may be greatly 
simplified, for most engineering purposes. The tem- 
perature rise of any machine, under steady load and 
steady ambient temperature, will trace out a straight 
line with time as in Fig. 4, if the transient is strictly 
exponential and the final rise is known. 
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TIME CONSTANTS APPLIED TO TRANSIENT TEMPERA- 
TURES OF DYNAMO MACHINES ON BASIS OF 
CONSTANT LOSSES DURING TRANSITION 


The following is a brief presentation of the well- 
known theory of transient temperatures in dynamos 
under steady load. It is assumed that the impressed 
speed is constant, in the case of a generator, impressed 
voltage in the case of a motor, impressed voltage and 
frequency in the case of a transformer. The machine 
is supposed to comprise a single thermal body, of perfect 
thermal conduction throughout. The machine starts 
at t = 0 hours, from an initial and constant ambient 
temperature 7’, deg. cent., under continuous load, finally 
reaching a final temperature 7, = T'. + ©» deg. cent. 
The power losses in the machine remain constant at 9 
watts. The dissipation constant s of formula (2) is 
constant and also the thermal capacity k, in watthours 
absorbed per deg. cent. elevation of temperature. 
Then if @ is the instantaneous temperature of the 
machine at any time t, the heat generated in the machine 
during any short interval of time dt is p» dt watthours. 
During the same interval, the heat dissipated by the 
machine is 6s.dt watthours. If during the same, the 
temperature of the machine rises by dé deg. cent. the 
heat absorbed in the machine will be k .d@ watthours. 
Equating the heat generated to the heat dissipated and 
absorbed, 


p,.dt=6s.dt+k.dé@ watthours (19) 

Let po = Os watts (20) 
by (2). Then 

(0,— 0)s.dt=k.d@ watthours (21) 

or (O0,— 0) . dt = 7,’ .d0 deg.centhours (22) 

where t = ‘ hours (23) 


7,’ is an exponential time constant. It may be called 


the constant-loss time constant. 


Hence ots = di 


numeric (24 
Oo — 7] Tee ( ) 


t 
7-— c¢ numeric (25) 
Te 


and — logh (0) — @) = 


where logh signifies the hyperbolic or Napierian 
logarithm, and c is an integration constant. 


t 


Then O@.—-60=Ce te deg.cent. (26) 

When t = 0, 6 = OandC = 9%, 

Thus 0 = Oy— Op ore deg. cent. rise (27) 
= Oo — Oo Lee CRESS eR) 
EOeoy ceri & Gauoeenle (29) 


These results are in accordance with those obtained for 
the continuous-current transient of Figs. 2, 3 and 4, 
using the three time constants mentioned above. 
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The instantaneous temperature elevation @ will be 
completely specified if we know the ultimate tempera- 
ture rise Qo, and any one of the three time constants. 
The easiest time constant to measure is probably 7,, 
from a tangent to the curve of initial heating, assuming 
that the ultimate rise 6) is known or is measured. We 
do not need to know either k or s. The attainment at 
any time is 0/@», and the deficiency (@» — @)/@o. 


COOLING TRANSIENT 

The curve of cooling of a machine will be identical 
with that of heating inverted (see Figs. 3 and 4), if the 
dissipation constant s remains the same. In the case 
of an air-cooled transformer, this may be expected; but 
in the case of a generator or motor, this can only be 
expected if the speed of rotation remains the same during 
both cooling and heating. It is evident that s will be 
greatly diminished if the machine is stopped while 
cooling. 


POWER LOSSES IN MACHINE WATTS 


TEMPERATURE 
DEGREES CENTIGRADE 


Fic. 6—Dracram or Assumep Straiagut Line LossEes at 
Constant OvutTpurT as FuNcTION oF TEMPERATURE 


TIME CONSTANTS APPLIED TO STRAIGHT-LINE CHANGE 
OF LOSSES DURING TRANSITION 


Fig. 6 represents an ideal diagram of losses in a 
machine operated at a steady output, commencing at 
an initial and ambient temperature 7’, and terminating 
at a final temperature 7',,, deg. cent. OP represents 
the internal losses ~» watts converted into heat. Of 
this amount, a certain part, not definitely known, is in 
the copper windings, another part in the steel frames of 
rotor and stator, while the remainder will be in frictions 
of various kinds. If po were constant throughout the 
transition, the loss would reach A A’ at the final tem- 
perature. Suppose, however, that the copper losses 
increase by an amount A C along the straight line O C. 
This would be true if the current strengths in the wind- 
ings remained constant, and the copper resistances 
increased with temperature in the regular way. Ac- 
tually, the currents may have to be re-adjusted as the 
temperature increases; while the electric resistance of 
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carbon brushes, if used, may diminish. It will be 
sufficient that the actual change in copper losses does 
not depart markedly from a straight line OC. Again, 
the iron losses are likely to diminish as the temperature 
rises, because the resistance of the iron to eddy currents 
will increase; while the hysteresis losses remain sub- 
stantially unchanged. Wemay assume that the change 
in iron loss will amount, at the maximum temperature, 
to a reduction A F' watts, and that it will follow a 
straight line OF. Actually, the change will be more 
complex; but it will suffice for most practical purposes 
if the deviation from the assumed straight line O F is 
not serious. The total change of power losses over the 
transition will then be say A D, plus or minus, accord- 
ing to the predominance of AC or AF. The total 
change with temperature will then also occur along a 
straight line O D, so that the total losses will follow the 
straight line P D’. 

Let p be the power liberated in the machine at 


temperature elevation @ deg. cent. Then 
DP = Pot De— Dy watts (30) 
=ptcO—f0@=pn+d.0 * (31) 


where c is the ratio AC :OA or tan AOC, 
ANG so fp) tae Ach OVA ..Can AO Fe 
¢ Cae ae ae AO TAn Stan OOD 
Then at any temperature elevation 6, the power 
liberated in the machine being p, +d. 6, the heat 
liberated in time d¢ is 
p.dt=(pot+d. @)dt (32) 


The heat dissipated in the same time will be 0s . dt 
watthours; while the heat absorbed in the machine by a 
simultaneous small rise of temperature d0, is k . dO 
watthours. Equating the gain and loss of heat, as 
in (19) 

(po +d. @)dt=6@s.dt+k.dé@ watthours (33) 
- Let po = 908, as before. 

Then {@,s— 6(s—d)} dt =k.d@ watthours (34) 
or 


or OAs) = 8 dt 


watthours 


= ( aay ) a0 deg.cent.hours (35) 

or (0 — 0) dt =7, . dé deg.cent. hours (36) 

where (Ss) = 00 ( =. q ) deg. cent. (37) 
k s 

and i Fa SEF has re ( aS ) hours (38) 


T. may be called the straight-line variable-loss time 
constant, or simply the variable-loss time constant. 
Equation (36) corresponds to (22), and its solution is 


pea . 
6=0-O0€ ‘e deg. cent. rise (39) 
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=0-027, deg. cent. rise (40) 
28. 

= 0-010 ™ deg.cent.rise (41) 


The effect of the variation of losses with temperature 
is to change both the ultimate rise and the time constant 
in the ratio s/(s—d). If the losses are greater at the 
higher temperature d is positive; so that both 0 and 7 
are increased. The temperature elevation will remain 
a simple exponential transient, the curve of which will 
correspond to that of Fig. 3 for rises, and to that of Fig. 
4 for falls. The exponential time constant of the curve, 
as obtainable from the tangent, will be 7., and very 
nearly 70 per cent of this will be the binary time con- 
stant To. 


COOLING CURVE WITH NORMAL DISSIPATION AND 
LOAD REMOVED 


If the load were cut off the machine and all excitation 
removed, while the normal dissipation was maintained 
by continued rotation, the power liberated in the ma- 
chine would be zero. Equation (33) then becomes 


0=0s.dt+k.dé watthours (42) 
OO dicen ode deg. cent. hours (43) 
= 0 dt'= 7""de deg. cent. hours (44) 
dt dé ; 
Fo pe numeric (45) 
the solution of which is 
Se PNT iter logh 0+ c numeric (46) 
we 
Hence 0 = Oe Te deg. cent. rise (47) 


The time constant of this falling transient is not Tr, 
but 7.’. Consequently, if the losses vary with the 
temperature at constant output, the curves of transient 
temperature will be simply exponential, whether with 
load applied or with load removed; but the time con- 
stants will differ. But since it is very unusual to run 
a machine steadily without load or excitation, the con- 
stant-loss time constant 7,’ does not present itself in 
practise, and only the variable-loss time constant 7, 
comes into operation. 


Although, under the above assumptions, the transient 
temperature of a dynamo machine in continuous opera- 
tion from one steady load to another is a time-constant 
transient, yet it will be found on examination of such 
temperature curves that they deviate somewhat from 
strict time-constant curves, although for many practical 
purposes the deviations may be ignored. A principal 
cause for deviation is that the windings of a machine, 
with their copper losses, form one thermal system, and 
the steel structures, with their iron‘losses, form another. 
Each system has its own k, s and time constant. If 
the two systems were thermally independent, they could 
be measured apart; or, if the two systems were united 
by perfect thermal conduction, they would blend into 
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one with a single time constant, as has been assumed 
above. But they are actually only semi-detached, 
being in mutual communication through thermal 
resistances; so that each tends to modify the behavior 
of the other, in a rather complicated way. The curves 
of transient temperature of the copper are affected 
by the influence of the associated steel structures, and 
reciprocally; so that neither can display a true time- 
constant curve. 

By the courtesy of Mr. H. M. Hobart, a number of 
curves of transient temperature, in passing from one 
steady state to another, have been procured and examined 
for various types and sizes of machines. Two only of 
these are presented here, as examples. 

Fig. 7 gives the observed hottest stator lamina tem- 
perature, as obtained by thermometer, on a particular 
30-h. p., 3-phase, 6-pole induction motor, operated 
under steady load, at 500 rev. per min., from a 440-volt, 
25 ~ circuit. The ambient temperature was 16 
deg. cent. and remained within 1 deg. cent. of that value 
during the test. The small black circles, at half-hour 
intervals, indicate the observed temperature rise; 
while the curve A B C — H shows a time constant com- 
puted on the basis of 6 = 387 deg. cent. ultimate rise. 
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Fig. 7—T2rMPERATURE Rist or Horrest Stator LAMINA 
IN Inpuction Motor 


The observations do not depart more than 1.5 deg. cent. 
from the computed curve at any point, but indicate a 
tendency to exceed the curve near the middle of the run. 
Two exponential time-constants of about 44 minutes 
each are marked off on the 37 deg. rise line 7H, by 
tangents from the curve. The binary constant 7, of 
about 30.5 min., is obtained by taking 70 per cent of r,. 
Nine of these binary time constants are marked off. 
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At the last, the rise should be theoretically within 1/512 
of the final value. 

Fig. 8 gives the corresponding data for a particular 
4-pole, 50-h. p., d-c. motor, operating at 1075 rev. per 
min., on a 230-volt circuit. The motor was operated 
for five and one-quarter hours steadily, at rated load, 
and then after 15 min. intermission, at 125 per cent of 
rated load, for two hours more. .The black circles give 
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the observed temperature rise on the commutating 
field winding, by thermometer, above an ambient 
temperature of 15 deg. cent. at the beginning of the 
test. This ambient temperature rose steadily to 22 
deg. cent. at the end of the run. The curve OA BC 
is the computed time-constant curve, based upon an 
ultimate temperature rise of 48 deg. cent. The initial 
tangent O T cuts this horizontal line at 7, marking off 
an exponential time constant MT = re, of 30 min. 
The binary time constant was thus approximately 21 
min. Seven binary time constants are marked off 
along M B, where the deficiency would be 1/128. 

The overload-run temperature time-constant curve 
is D E F based on a new ultimate rise © of 21 deg. cent. 
The initial tangent marks off an exponential time 
constant mt = Te, of 30 min. as before, and five binary 
time constants are marked off along the ultimate-rise 
line mF. Half the ultimate rise should develop at 1, 
half the remainder at 2, and half the succeeding re- 
mainder at each successive binary time-constant 
interval. 

It has recently been pointed out’ that if after an 

5. ‘The Temperature Rise of Electrical Machinery” by. 


T. R. Rowlands, The Electrical Review, London, correspondence 
July 4th, 1924, page 11. 
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interval of t; hours from a starting point on an exponen- 
tial heating curve like that of Fig. 3, the temperature 
elevation reached is @,, while after an interval of 
to = 2t, hours, it has reached 62, then the ultimate 
rise should be 

0, 


6 = Sars 60 deg. cent. (47a) 


CORRECTION FOR CHANGE IN AMBIENT TEMPERATURE 
DURING RUN 

If, as very frequently happens, the ambient tempera- 

ture is observed to change during a run under steady 

load, some uncertainty develops as to the proper value 

to accept for the temperature rise 90. The heat dis- 


Fie. 9 


sipated by the machine during the run tends to raise 
the ambient temperature. If the thermal time con- 
stant T. were negligibly small, so that the temperature 
of the machine could follow impressed thermal forces 
without delay, the attained temperature elevation 
would always be equal to 7, — 7'.; but there would be 
no need for carrying out a long continuous-load run, 
because such a machine would instantly reach its full 
temperature rise, on the application of the load. The 
longer the binary time constant, the greater the time 
_needed for the machine to accommodate itself to a 
change in ambient temperature. Some correction of 
the observed temperature rise is therefore necessary for 
changes in ambient temperature. Such corrections 
should not require much computation, and should be 


Fig. 10 


easily applied; because with ordinary care, neither the 
change in ambient temperature nor the correction for 
it need be large. 

In Fig. 9, the ambient temperature 7, after pursuing 
the uniform stationary line A B, is supposed suddenly to 
rise by an amount A deg. cent. to C, and thereafter to 
continue unchanged with time, along the straight line 
CDEFGH. Commencing at O, the moment of 


change, binary time constants 72 are marked off along ~ 


the time axis 12345. After say three time constants 
have elapsed, the machine will theoretically have 
acquired at f, a thermal state corresponding to 7/8ths of 
the full change A, and no correction from the ambient 
temperature 7,’ = T, + A will ordinarily be required 
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if A is small. The temperature elevation at any time 
after F' will thus be 
: C= fe Ts! deg. cent. rise (48) 
where T',, is the observed temperature of the machine. 
But immediately after the instant C Fig. 9, the ambient 
temperature should be reckoned as 7, and not T,’; 
because the machine has not had time to respond. At 
D, after one time constant, the corrected value of T,,’ 
would be 7, + A/2. At E, it would be T, + 3A/4. 
The conditions relating to Fig. 9 suggest the following 
simple approximate correction to be applied when the 
ambient temperature is changing. Suppose that the 
observed ambient temperature follows the lines A BC 
DE F in Fig. 10, and that at the instant ¢, when the 
ambient is at F, and the temperature at some warm 
part of the machine under observation is then T'n,;. 
Required the corrected ambient temperature T',,, 
so that the corrected temperature rise may be taken as 
Op Tp Lae deg. cent. rise (49) 
Find the variable-loss binary time constant 7, of 
the machine, as previously described. Measure off 
three of these time constants along the time axis, as at 
C, Fig. 10. Between C and D, the change was gradual; 
but assume that it occurred suddenly as Cc. The 
corresponding sudden changes at D and E would have 


been D dand E e deg. cent., respectively. Let the three 
disturbances be denoted as A., Az and A,, the signs of 
which are all the same in the case considered. Then 


7 3 1 
Popa D ei ie Ae + vi Aat ry A. deg. cent. (50) 


In the case considered, with uniform ambient rise from 
C to F, the uncorrected ambient temperature would be 
Tuc + 8 A.. The approximately corrected value would 
be, by (50), Tac + 2% Ac. 

In this approximate correction process, it is assumed 
that a change in ambient temperature which occurred 
3 or more time constants back, has produced its full 
effect on the temperature of the machine. 


EFFECTS OF OPPOSITELY DIRECTED CHANGES IN 
AMBIENT TEMPERATURE 


If the ambient temperature pursues in time the course 
ABCDEFGH, Fig. 11, changing its value suddenly 
at B, D and F, the effects successively produced in the 
inferred ambient temperature of the machine may be 
obtained by superposition. If the ambient tempera- 
ture, after changing abruptly from B to C, were to 


146 


continue unchanged thereafter, it would follow the 
horizontal straight line C D D’, parallel to the time axis. 
The effective ambient temperature of the machine, 
with a binary time constant 72, would follow the time- 
constant curve Bdlm, ultimately coinciding with 
DD’. Again, if the abrupt change from D to E in the 
minus direction, were followed by a stationary condi- 
tion, the ambient temperature would pursue the 
straight lineE F K. The effect of this negative change 
D E, acting alone, would be to produce the time-con- 
stantcurve Defg. Thenegative ordinates ofthis curve 
are now applied to the curve d/l m, to produce the re- 
sultant curve de, f,g. The third positive change F G, 
acting alone, would produce the time-constant curve 
Fnovp. The positive ordinates of this curve, with 
respect to F K, are now applied to the previous resultant 
curve e,f,g, producing the final resultant Gn’ 0’ p’. 
The course of the effective ambient temperature is thus 
B de, Gn’ o’ p’, which happens to end close to the final 
actual ambient temperature H. 


APPROXIMATE CORRECTION OF AMBIENT TEMPERATURE 
WHEN VARYING OPPOSITELY 


Applying the above principles to the general case of a 
slowly wandering ambient temperature, the changes of 


which are kept relatively small, but have varying direc- 
tions, we proceed as in Fig. 12; the method is the same 
as in Fig. 10, but the application is more general. Let 
ABCDEFGH be the observed course of the 
ambient temperature with time. At the time ts, corre- 
sponding to point H, it is required to find the approxi- 
mate effective ambient temperature. Measure back 
three binary time constants along the curve, marking 
themoff at G,H and C. Itisassumed that T,.thevalue 
at C, is the ambient temperature for correction. The 
changes in ambient Cc, Ee and Gg, occurring in each 
of the three time constants, are drawn. The hypo- 
thetical path of the ambient temperature is then 
CcEeGgH. It is assumed that the effects of these 
three sudden changes will be substantially the same as 
those of the wandering changes C DFH.,. Let the 
three hypothetical displacements be denoted by A., 
A, and A,, respectively. The first two have the — sign 
and the last one the + sign. Then 


7 3 i 
T, = Toe + G Ac + ef A. + ry A, deg. cent. (51) 


8 
the proper signs of the A terms must be carefully 
followed. 

In particular cases, a more elaborate correction 
formula may be called for. In such a case, the cor- 
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rection might be earried back to cover four binary time 
constants instead of three, and each time constant 
might be divided into two equal parts. There would 
then be eight perpendiculars of the type Cc, Ee and 
Gg, Fig. 12. Calling them Aca, A,. .. . Ag, An, the 
factors to apply, with the proper signin each case, may 
be taken as 


bo, te ae 
1g 4¢ tip det gat 5 Aer Gy e+ 59 f 


: A : A 

? ate 92 g + 10 h 

ADVANTAGES AND DISADVANTAGES OF A LONG TIME 
CONSTANT IN A MACHINE 


A dynamo machine with a short time constant has 
the advantage that its temperature elevation follows 
closely upon the heels of impressed changes of load. 
The machine has a short thermal memory, and its 
previous history in service exerts a relatively. small 
influence upon its instantaneous thermal state. If the 
ambient temperature changes, there is also less un- 
certainty as to the correction to be applied for the same, 
when measuring the temperature rise. 

A machine with a long time constant has, however, 
one advantage in service. If the machine is called upon 
to supply a temporary overload, it may be able to do so 
without becoming overheated, by relying upon its heat 
storage capacity. If the duration of the overload is no 
more than one binary time constant, the overload will 
only be able, as we have seen, to develop half the 
ultimate temperature rise of that overload. Conse- 
quently, the duration that might be permitted to an — 
overload increases with the time constant of the ma- 
chine. It might readily happen that a central-station 
manager, desiring to purchase electric railway machines, 
under conditions where a certain overload period was 
expected, might decide in favor of a machine with a 
relatively long time constant, if in all other respects the 
machines submitted to his choice were substantially 
alike. It would be advantageous for him to utilize the 
longer time constant for carrying the overload, provided 
the proper maximum temperature limits were un- 
exceeded. On the other hand, a long time-constant 
machine needs more careful supervision than a short- 
time-constant machine. 

With equally effective ventilation, heavy machines 
tend to develop long time constants and light machines 
short time constants. 


COMPLETE SPECIFICATION OF THERMAL BEHAVIOR 
IN A MACHINE 


Three quantities are theoretically necessary and 
sufficient for determining the thermal behavior of a 
machine under any assigned load schedule. 

(1) The rated load temperature rise, or the maxi- 
mum accessible temperature rise under continuous 
rated load. 
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(2) The corresponding temperature rise at some 
other steady load, such as 25 per cent below, or 25 per 
cent above, rated load. From this a chart like Fig. 1 
can be prepared. . 

(8) The variable-loss time constant, and for practi- 
cal purposes, preferably the variable-loss binary time 
constant. 

No. 1, the rated-load temperature rise is regularly 
supplied by the manufacturer. No. 2 and No. 3 are 
not ordinarily stated for small machines. Indeed, it 
would be unreasonable to expect a maker to execute 
the tests on each machine for arriving at these two 
specifications. Nevertheless, the maker would prob- 
ably know their numerical values approximately, from 
tests made on similar machines of the same type and 
size, so that there would probably be little difficulty in 
securing this information, within a degree of precision 

- sufficient for operating purposes. 


SUMMARY OF DEDUCTIONS 


(1) For operating purposes, it is requisite and de- 
sirable to have three specific thermal data concerning a 
machine, the rated load rise, another load rise, and the 
time constant. 

(2) For practical purposes, the binary time constant 
is the best: but any one of the three time constants, 
exponential, binary or decimal, is readily convertible 
into the others. 

(38) The binary time constant of a machine is the 
interval of time in which, when passing normally from 
one temperature to another under any steady load, the 
outstanding difference from the ultimate temperature 
is reduced by 50 per cent, or to one half. 

(4) The curve of temperature of a machine under 
steady load, working from a steady ambient tempera- 
ture, is approximately a time-constant curve. 

(5) The true time-constant curve of temperature 
change against time makes a straight line on inverted 
arith-log paper when the final temperature is known. 

(6) Changes in the ambient temperature observed 
during any steady-load run may be corrected for, in 
estimating the temperature rise, by a simple approxi- 
mate process. _ 

(7) A common value for the binary time constant 
of an ordinary generator or motor is less than one hour. 
In particular cases, however, and especially in air- 
cooled transformers, it may be several hours. 


Discussion 


V. Karapetoff: The use of exponential expressions for heat- 
ing and cooling curves of machinery is quite old. I published 
a complete theory of such curves in my Laboratory Notes in 1906. 
See also my “Experimental Electrical Engineering,’ second 
edition, Vol. II, pp. 69 to 74. For a number of years we had at 
Cornell a student experiment on temperature rise in transformers 
using and checking exponential curves. However, the dis-, 
crepancy with the observed results was so considerable that we 
dropped the theory and left only the measurements. As a 
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result of study of various Institute papers on temperature rise in 
electrical machinery, I have come to the conclusion that the 
exponential theory, in the simple form used by the author, is 
inadequate to represent the observed facts even in simple sta- 
tionary apparatus, not to speak of revolving machinery. J 
am therefore omitting this theory from the third edition of my 
laboratory book. 

Some attempts have been made of late to differentiate among 
the various surfaces of a machine in their heat emission. See in 
particular G. E. Luke, A. I. E. HE. Transactions, 1922, Vol. 41, 
p- 172; a bibliography is on p. 173. With two coefficients pro- 
posed by Mr. Luke, it is probably easier to approximate an 
experimental curve than with one time constant, only I would 
keep two separate expressions, with a finite difference of tem- 
perature between two parts of the machine, and not bunch them 
together. 

It would hardly be wise to introduce the concept of an ‘‘over- 
all” thermal time-constant of a machine into our Standards, or 
even to encourage its use, thereby creating an impression that 
heating and cooling curves of machines follow a simple exponen- 
tial law with any accuracy, until we have more assurance of this 
fact. It is desirable to continue both theoretical and experi- 
mental researches with a view to finding out discrepancies with 
the simple exponential law for different kinds of electrical ap- 
paratus, from a simple wire to a big turbo generator with forced 
draft. A somewhat more complicated law, with two or more 
parameters, will probably be necessary. 

The value of the paper lies in (a) bringing the phenomena of 
temperature rise to the attention of the profession at large, in a 
clear and interesting manner; (b) showing the possibility of using 
a time constant to a base different from that of natural logs; 
(e) extending the previous treatment of the subject to the case 
when the losses in the machine are functions of the temperature; 
(d) ealling attention to the desirability of including certain ther- 
mal constants among other characteristics of the machine. 

I recently developed a theory of heating and cooling curves 
on the assumption of a finite variable temperature difference 
between the winding and the core, and hope to present it later 
before the Institute. It leads to a sum of two exponential terms 
with different parameters. 

V. M. Montsinger: While I suspect that this paper, accord- 
ing to the subject, is intended to apply principally to dynamo 
electric machines, yet in several places, reference is made to air- 
cooled transformers and the inference is that oil-immersed self- 
cooled transformers are included in the subject under discussion, 
namely, that the manufacturer give to the operating engineer the 
thermal time constant as a part of the regular specification, and 
that this constant ean be determined by the methods shown in the 
paper, and that the binary instead of the exponential time con- 
stant be used. 

Now, let us see how the various methods of determining the 
time.constant compare and apply to air-cooled transformers. 


The author has, correctly, pointed out that when the copper 
and iron systems are thermally independent, it would not be 
necessary to resort to the graphical method of determining the 
time constant by drawing a tangent to the tested time-tempera- 
ture line as shown in Fig. 3, or by plotting the deficiency tem- 
perature rise values against time on semi-log or arith-log paper as 
illustrated in Fig. 5. ; 

Most oil-immersed transformers, with the exception of small 
units, where the windings are sometimes wound directly on the 
iron core, come within this class of apparatus in which the copper 
and iron parts are thermally independent. It has been my ex- 
perience that when the weight of the materials, the losses and the 
final temperature rises are known, it is a simple matter to caleu- 
late the time constant and consequently be able to predict the 
temperature rise at any time during the change from one steady 
thermal state to another. If the final rise is known—and it 
usually is—for some given load, the final rise for any other load 
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can be estimated by any one who is experienced in this line of 
work as accurately as it can be determined by test. 

Before giving the method or formula which I have used, I 
would like to point out the conditions under which the method 
of plotting the deficiency in temperature rise against time and the 


graphical method of drawing a tangent to the tested time-tem- , 


perature line hold, and where they do not hold. 

In order to analyze correctly the thermal conditions in a trans- 
former it is well to remember that the temperature rise of the 
windings above the cooling medium is composed of two steps 
which are: (1) top oil temperature rise above room; and (2) 
winding temperature rise above top oil. Each of these steps 
must be dealt with separately. I have found that if the de- 
ficiency in temperature rise of the maximum or top oil is plotted 
against time on semi-log paper, the points fall in a straight line, 
regardless of the size of the transformer and amount of oil. This 
method, therefore, can be used to determine either the decimal, 
the exponential or the binary time constants for any given load. 
Likewise, the deficiency of the winding temperature rise over the 
top oil against time can be plotted as a straight line on semi-log 
paper. The winding rise over the ambient, however, does not 
lend itself to this method unless we neglect the time it requires the 
winding oil to become constant. But after the temperature rise 
of the windings over the oil becomes constant, which usually 
requires from 20 to 30 min. for the average transformer the 
points naturally fall in a straight line which line is parallel to the 
oil-rise curve. The line, therefore, naturally does not go through 
the point of zero time. For this reason, I do not believe that this 
method would be entirely satisfactory when applied to the 
winding rise over the room temperature. 


The graphical method illustrated in his Fig. 3 is really not 
satisfactory for either the oil rise or the winding rise over the 
room temperature. The temperature of a large body of oil when 
loss is first liberated init does not immediately start to rise but 
seems to have a certain time lag. This slight displacement of the 
curve at the beginning is enough to prevent the drawing of a 
tangent to the line with any reasonable degree of accuracy. Fur- 
thermore, I do not believe that this method will give entirely 
satisfactory results for any type of apparatus because so-much 
depends on the first few readings being absolutely accurate, and 
again, even if the first test points were right it is rather difficult 
for one to know just where to draw the tangent. When applied 
to the temperature rise of the windings over the room the method 
falls down completely, for the reason that, as pointed out before, 
the winding rise increases very rapidly at first and becomes 
constant within 25 or 30 min. whereas the oil required approxi- 
mately the same number of hours, 7. e., about 25 hours to become 
constant. Consequently, the tangent line is too nearly vertical 
and gives a very much smaller time constant than the correct one. 
And then, there is the further objection or disadvantage to both 
the graphical and deficieney methods as applied to the oil rise of 
transformers that the time constant for a given transformer has 
different values for different loads. The reason for this is that 
the temperature rise for constant conditions is never proportional 
to the loss but to the loss raised to some power less than unity, 
generally around 0.8. ‘This means, therefore, that it would be 
necessary to make a test under all the possible loading conditions 
which is an impractical thing to do. The same objection holds 
for horizontal coil rises over oil, but not to vertical coil rises over 
oil, because in the latter case, the rise is approximately propor- 
tional to the loss. 

I believe Dr. Kennelly will agree with me that where the 
thermal conditions are simplified as they are in a transformer and 
where temperature rise is not proportional to the loss, the most 
satisfactory method of determining the thermal time con- 
stants is by calculating them. At least, he gives this inti- 
mation in his paper at the bottom of page 143 and top of 
page 144. 


The formula which I have used for several years with satis- 
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factory results is similar to equation (27). The formula and 
the definition of the various factors in it are as follows: 
t 
6 = 6; (1 — « BY 
in which 
6 =.temperature rise at time f. 
6; = final temperature rise with the resulting loss (7. e., con- 
sidering the increased copper loss due to increased 
temperature) for constant conditions. 


B = Time constant 
aie 
L 
L = initial loss in watts 
C = thermal capacity of mass being heated. 


When calculating top oil temperature rise, and time ¢ is 
expressed in hours: 
C = (2.96c + 3.57 + 105 a G)/60 
where 
c = lb. copper 


t = |b. (core + 2/3 tank wt.) 
G = gallons (U. S.) oil 
a =ratio of average to max. vertical temperature gradient of 


tank (which ranges from about 0.75 to 0.95, depending 
on the design). 
When calculating winding temperature rise above top oil, 
and expressing time ¢ in minutes. 


A-- 4 
2a 


where A and a are the insulated and bare cross sections, re- 
spectively, of the conductor in the winding. 


No attempt will be made here to compare calculated and 
tested results as space does not permit. However, a paper giving 
a more complete discussion of this subject will be published in 
the near future by Mr. W. H. Cooney, who is associated with me 
in my work. : 

Dr. Kennelly strongly recommends that we discard the 
exponential time constant and use the binary time constant. I 
am in accord with the author in everything he says regarding the 
advantages of the binary over the exponential time constant, 
and would be glad to see the binary constant used. 

In reference to the theoretical formula, that is, equation (47), 
which he gives for the cooling after load is removed, I would like 
to point out that it has been found that this formula cannot be 
used to calculate the cooling of the windings of oil-immersed 
transformers after shut-down. The reason seems to be that the 
temperature of the cooling medium for.the windings, which, of 
course, is the oil cireulating around and through the windings is 
undergoing a change in temperature at the same time the wind- 
ings are cooling down. This subject was discussed fully in my 
paper on ‘‘Cooling of Oil-Immersed Transformer Windings after 
Shut-down,”’ see Transactions, A. I. BE. E., 1917, prelin. 
It was shown in this paper that the cooling of the windings was 
approximately a function of the watts per pound in the copper 
and of the time after shut-down. Even the insulation on the 
conductors, ete., does not have to be considered, consequently the 
problem is very much simplified. The rule for cooling after 
shut-down given in the present A. I. E. E. Standards was based 
on the data given in the above referred to paper. The formula 
is of the form: 


C - 2.96 ( ) x lb. bare copper. 


@ =195 We’ (1 — e@) 
in which 
6 = cooling in deg. cent. 
W, = Watts per lb. of bare copper 


a =0.106W,°3 
t = time in minutes. 
With reference to the proposed method of correcting for a 
change in ambient temperature, during heat run, while I have 
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not tried it out, I feel that the most satisfactory means of doing 
this for a transformer is by the use of an idle unit having approxi- 
mately the same amount of material as the unit under test. 
While the idle unit may not always give ideal results, it appears 
to be the most practical at present and it is reeommended that 
it be used wherever possible. 

In closing I would like to urge that we give serious considera- 
tion to the author’s plea for the adoption of the binary time 
constant. There is no question but that it is preferable to the 
exponential constant. The fact that I advocate the method of 
calculating the constant for transformers does not affect in the 
least the question of the merits of the binary constant. 

W. B. Kouwenhoven; Dr. Kennelly’s paper on ‘‘Thermal 
Time Constants” is a valuable one, and his introduction of the 
“binary time constant’? simplifies to some extent the use of 
temperature data. 

I have had occasion to make quite a number of heat tests 
during the past several years, and I have found that the use of 
the theoretical temperature curves and thermal constants will 
often save considerable time in determining the rating of a piece 
of equipment. There are three principal uses to which a knowl- 
edge of these curves may be applied. 

1. By means of the curve plotted from the readings secured 
in the first two to three hours of an eight-hour heat run, we can 
predict fairly closely the end temperature or maximum tem- 
perature rise that will be reached at the end of the test period. 

2. By means of the same curve secured in the early part of 
the heat run we can determine whether we are applying the 
proper load for the eight-hour rating; and whether the machine 
will reach the specified temperature rise in the specified time. 
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3. We can determine the thermal constant of the machine, 
and as shown by Dr. Kennelly, use this in estimating what the 


machine will do under intermittent load or under some other load . 


conditions. 

Before discussing these applications it will be necessary to refer 
to the heating curve shown in the accompanying Fig. 1. The 
maximum or end temperature is the asymptote to this curve. It 
can easily be shown that the subtangents A B, CD and EF 
of the heating curve, referred to its asymptote as an axis, are 
equal. 


In the actual heat run the desired load is applied, conditions 
being kept as nearly constant as possible, temperature readings 
are taken at frequent intervals and the temperature-rise curve 
is plotted. As soon as a sufficient length of curve has been 
obtained, a number of tangents to this curve are drawn and as 
nearly as possible, the height of the horizontal line that will give 
equal subtangents is determined. The point where this cuts 
through the Y axis gives the end temperature. 


As Dr. Kennelly has shown, these subtangents are also equal to 
what is known as the exponential thermal time constant of the 
apparatus and in a length of time equal to five exponential 
thermal time coustants the machine will reach 99.4 per cent of 
its maximum temperature rise. As soon as the constant is known 
we can not only predict the end temperature but also the duration 
of the heat run necessary to reach this final temperature. By 
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this means we can tell whether the proper load is being applied 
for a given rating. 

In using this theory in practise there are many cases where the 
heat curve is of such irregular shape that it is impossible to draw 
tangents and to obtain any idea of the constants of the apparatus 
under test. In other cases the early part of the curve is useless, 
but the middle portion may be of value and may permit us to 
obtain an idea of the end conditions. 


My experience, however, has been that it is always worth 
while to attempt to apply the theoretical curve in making a heat 
run. 


C. M. Laffoon: The simple exponential relation between 
temperature rise and time during the transient temperature 
period for any given constant-load condition is correct on the 
basis of the simplifying assumptions which were made. As a 
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Generator rating—12,000 volts, three-phase, 60-cycles; operating at 


75 per cent load, starting from 50 per cent load at constant temperature. 
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Generator rating—8000 volts, three-phase, 60-cycles; temperature rise 
under 75.3 per cent load, starting from constant temperature and 45 per 
cent load. Simple exponential curves used to fit experimental data. 


matter of fact, this exponential relation has been well known for 
a number of years. Designing engineers of electrical machinery 
have used similarly shaped curves as obtained from test or by 
calculation to determine the temperature rise of machines when 
operating under different load conditions. 


At the present time, there is insufficient experimental data 
available on actual machines to determine definitely how far 
it is necessary to extend the analysis in order to obtain a satis- 
factory solution. If no simplifying assumptions are made and 
the analysis is based on the actual distribution of the losses, and 
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the losses are considered to be dissipated principally by conduc- 
tion and convection, the solution becomes very complicated and 
involved. Fairly complete mathematical solutions have been 
worked out for the case of transformers and considerable progress 
is being made in determining a more complete solution for 
rotating machines. 
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Generator rating—66,000 volts, three-phase, 25 cycles; temperature rise 
under full load from constant temperature under 74.5-per cent load. Simple 
exponential curves are used to fit the experimental data. 


Fig. 4 shows temperature at surface of top conductor as measured by 
thermo-couple 


Fig. 5 shows temperature between coils 


Fig. 6 shows temperature of field-winding, calculated from the resistance 
rise 


The accompanying curves in Figs. 2 to 7 show the measured 
temperature rises of several large turbo generators at definite 
time intervals when operating under constant load conditions. 
The temperatures of the armature windings were obtained by 
imbedded temperature detectors which were placed in contact 
with the bare copper, as well as between coil sides. The tem- 
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peratures of the field windings were obtained by the increase-in- 
resistance method. Simple exponential curves are superimposed 
on the test points. It is interesting to note that the simple 
exponential curves practically coincide with the test points 
for the case of the temperatures on the bare copper. In the 
ease of the temperature detectors placed between the coil sides, 
the exponential curves fit the test points reasonably closely, as 
the temperatures approach sustained values, but during the early 
part of the transient state the test points drop appreciably below 
the exponential curves. This temperature dip or lag is due to 
the fact that there is an appreciable volume of insulation through 
which the heat, caused by the copper loss, must flow and its 
coefficient of specific heat is relatively large, as compared to that 
of copper. 
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Generator rating—6600 volts, three-phase, 25 cycles, operating at 100- 
per cent load starting from constant temperature at 75 per cent load. 

Curve 1 is temperature on bare copper 

Curve 2 is temperature between coil sides of armature winding 

Curve 3 is temperature of field winding 


Another interesting’ and practical point to note for the last 
set of curves (Fig. 7) is that the thermal time constants are widely 
different for the different elements of a given generator. In the 
ease of the 25,000-kv-a. turbo generator, a 50-per cent change in 
temperature rise corresponds to a binary time constant of ap- 
proximately 20 min. for the bare copper of the armature winding, 
26 min. for the temperature detectors between coil sides, and 38 
min. for thefield winding. (Thevalues are based on the exponen- 
tial curves.) Hence, in order to determine the rating of an 
electrical generator when operating undér overload conditions, 
it is necessary to know the thermal time constants for both the 
armature and field windings. If exponential curves are to be 
used in determining the temperatures, the curves must be based 
on measured values obtained near the final or sustained values. 


G. E. Luke: It is of special interest to electrical engineers to 
be able to visualize problems such as transient heating phenom- 
ena in terms of similar electrical problems. The similarity 
ean be seen even down to the constants of the equation. Thus, 
the time constant in the electrical circuit is L/R and in the 
thermal circuit-it is k/s; (L) and (k) are similar in that both 
represent constants of the cireuit which are proportional to the 
stored energy. Likewise (R) and (s) both are factors peoner- 
tional to the loss in the circuit. 


In a previous paper? presented to the Institute on a similar 
subject, an equation of the same form as Dr. Kennelly’s 
equation was derived, also this equation was shown in the form: 


69 =e. Oa 


era Ta Logio 
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(27) 


This is the general form where 0, is the temperature rise at 


2. Heating of Railway Motors in Service and on Test-Floor Runs, by 
G. E. Luke. Trawnsacrions, A. I. E. E, 1922, p. 165. 
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start, the other constants being the same as in Dr. Kennelly’s 
paper. This equation will satisfy any heating or cooling con- 
dition and can be easily solved with the aid of an ordinary slide 
rule. This equation can also be solved graphically with the use 
of special nomographie charts. 

An interesting application of these heating equations is 
in the solution of the heating problem where a continuously 
applied heating and cooling cycle is found. Such a ecyele is 
common in elevators, hoists, street cars, ete. Thus the curve 
in Fig. 8 herewith gives a typical cycle where one load is applied 
at alternate intervals of (t: — hrs.) and another load for the 
other (t:) intervals. 6’ would be the continuous temperature rise 
if the first load should be applied continuously and 6 ” the rise 
on the basis of a continuous application of the second load. The 
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two points of interest on such a load are the maximum steady 
ris€ Omaz and the minimum rise Onin. 


It can be shown that 
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As mentioned in the paper, the heating of various parts of 
an electric machine is not uniform, and much of a machine’s 
masses absorb. very little heat. Thus in Figs. 7 and 8 of the 
paper if the time constant is calculated on the basis of the total 
weight of the motor, its value will be over twice the tested value. 
On the other hand, if the heating curve for the d-c. motor 
armature copper is calculated its time constant will be consider- 
ably less than that shown on Fig. 8. Hence the use of such 
heating curves and formulas for industrial motor applications 
may be dangerous unless they are based upon that part of the 
machine that has the smallest time constant, that is, heats up the 
quickest. 

A good example of the way various parts of a motor increase 
in temperature is shown on in the accompanying Fig. 9. This 
is the tested heating curve of a typical d-c. railway motor. 


Thermocouples were placed in the windings, both field and arma-_ 


ture (with slip rings). The approximate exponential time con- 
stants based upon the tangent to the curves at the origin are 0.9, 
2.1land 2.2 hours for the armature copper, field copper, and surface 
respectively. The same constants based upon the time corre- 
sponding to the63.2 percent temperature rise are 1.1, 1.8 and 2.0 
hours respectively.. Thus the initial rate of heating of the 
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armature copper is over twice the rate of the field copper. This 
is primarily a question of ventilation and heat flow. The time 
constant of the copper alone imbedded in the slots is very small, 
being considerably less than the values given on the author’s 
Fig. 7 and Fig. 8. This influences the “hottest spot’? and when 
short overload of 125 to 150 per cent of full load are found the 
permissible time of loading should be based upon the time con- 
stant of the ‘‘hottest spot’’ and not upon the average heating of 
the motor as found by thermometers. This point was explained 
in greater detail in the paper previously mentioned. 

It is believed that there is some error in the last sen- 
tence on page 141, since the curve referred to, in Fig. 4, is 


6; 


errr aa (47a) 


not a straight line. The equation @ = 
holds true only if the origin is taken at the time of start (@, = 0) 
and hence will not be true in general when @ = @, fort = 0, 
similar to curve Fig. 3. 

In the summary in the last sentence on page 147, it 
is assumed that air-cooled transformers means oil-insulated, 
self-cooled, instead of air blast transformers, since the latter 
usually have a small time constant. 

E. B. Paxton: I believe that information based on the ther- 
mal time constant as proposed by Dr. Kennelly would be very 
useful if it could be made available in such simple form as to be 
readily used and understood, not as a rating but as information 
supplementary to a rating. 

Electrical machines could often be applied to better advantage 
if there were some simple means available of knowing, if only 
approximately, their operating capabilities under various serv- 
ice conditions such as, for example, low ambient temperatures 
or short-time operation. An understanding of what might be 
expected of a machine under such conditions would often result 
in the installation of a smaller machine. 

A eriticism has been made that each different part theoreti- 
cally has its own time constant and that, due to the heat of each 
part affecting the others, the effect is much more complicated 
than indicated by the simple logarithmic relation: However, 
test results show, as pointed out in the discussion of Mr. Laffoon, 
that the temperature rises of individual parts often follow quite 
closely a law based on a single time constant and it is only 
necessary, as a basis for information to serve as a guide in opera- 
tion, to regard the limiting or hottest part. 

O. E. Shirley: The binary heating constant gives a very 
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convenient method of determining to a practical degree of ac- 
curacy the heating of a rotating machine under a considerable 
number of varying conditions. I agree with the view brought 
out in some of the previous discussions that the results may vary 
from the actual tests under many conditions, but the method 
may be used to considerable advantage where approximate 
heating is required for machines operating on duty cycles. 

A number of machines, for which heating curves are available, 
have been checked to obtain an idea of typical values of the 
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binary constant. The constants for several machines are as 


follows: 
Binary Constant (Minutes) 
Cycles Kv-a. Volts Thermometer Temp. Detector 
25 1250 6400 30 29 
25 2450 13200 38 39 
25 2450 6600 23 20 
50 2500 11000 25 19 
60 1250 2300 15 16 
60 2500 4000 20 12 


The agreement between results for thermometer and tempera- 
ture detector is very good except for the last machine which 
shows a considerable difference between the constants by ther- 
mometer and by temperature detector. 

In determining the constants from the test PREIS eurves 
there were some appreciable variations in the time for the differ- 
ent intervals, but by taking the average values for the higher 
increments, (i. e., from 1 to 3% rise, and from 34 to rise) 
constants could be obtained that would give curves checking the 
tests to a very good degree of accuracy. 

The binary time constant as proposed in the paper appears to 
inerease with the size of the machine, and also with the thickness 
of insulation. 

The machines, which have been checked, indicate that the 
range of values for the usual design is 15 to 45 min., but this 
maximum value would very likely be exceeded in very large units 
and with high voltages. 

As I see it, the principal advantage of the proposed constant 
is to give an easily remembered way of approximating the effect 
of a varying load from the curve of final temperature and load 
and the time constant which can be obtained from one test heat- 
ing curve. The binary constant is very much easier to apply 
than the exponential constant and the accuracy of the results is 
the same. 

A. M. MacCutcheon: This subject has a tremendous 
interest if we intend to use our knowledge of the time constant in 
connection. with design and test. If it is to be given to the user 
of electrical apparatus for assistance in applying electrical ma- 
chinery, I think it is exceedingly dangerous for the reasons that 
Prof. Karapetoff and others have pointed out. It is difficult to 
determine accurately, and it is likely to vary, I believe, even for 
duplicate machines. We have known duplicate machines to vary 
15 degrees in measurable temperature under continuous full-load 
operation. If there are differences like that in machines which 
are intended to be identical, how can a man in the field applying 
electrical apparatus intelligently use a time constant if he makes 
its application general? 

I believe that successful application of electrical machinery 
will result to a much greater degree if more study is given on the 
application problem, which is a very difficult one, and I think it 
would be dangerous to mislead power-apparatus users into think- 
ing that something we can give them on a time constant is going 
to solve all of their difficulties. I am referring particularly to 
smaller sizes of power apparatus, from 250 h. p. down. Whena 
large installation goes in possibly a time constant could be well 
used, because on such an installation as that, the company put- 
ting it in has high-grade engineers probably to consider the time 
constant and to make absolutely certain that they are applying it 
well. But for general applications of power motors, it seems to 
me extremely dangerous to attempt to give to the user a time 
constant whieh we aren’t sure we can accurately predict; we 
aren’t sure that we will not have to divide it into ten parts, as 
Professor Karapetoff has said, and we aren’t sure that it will 
always be the same constant for duplicate machines. 

F. D. Newbury: A possible inference from Dr. Kennelly’s 
paper is that this mathematical relationship between tempera- 
ture and time affords a practicable method of defining the rating 
of a rotating machine for any combination of loads and times of 
loading. If a machine can be given, as one of its characteristics, 


THERMAL TIME CONSTANTS 


Transactions A. I. E. E. 
a single time constant, then its rating can be. completely and 
exactly defined by stating its temperature rise at one loading, 
applied continuously, in combination with this time constant. 

Mr. Laffoon in his discussion points out two important facts 
that greatly complicate this practical application: the agreement 
between the exponential curve and the test results is close only 
when it is possible to measure temperatures at or near the seat of 
the loss; and each machine has a time constant for each major 
loss-producing element. In a motor, for example, a time con- 
stant, determined from externally-applied thermometer readings, 
would be safe to use only when the test is continued long enough 
for the motor to approximate its final temperature; for short 
times the measured temperature is considerably lower than the 
temperature obtained from the correct exponential curve. In all 
machines of any size, and notably in turbine generators, the time 
constant of the armature windings and field windings will be 
quite different. Finally, the several time constants of each size 
of each type of machinery will vary depending on design pro- 
portions affecting distribution of losses, heat storage capacity, 
and ventilation constants. 

The application of this matter to the rating of electrical ma- 
chinery is not as simple as it might seem from the paper under 
discussion, and a word of caution in connection with the practical 
use of the exponential relationship for the application of motors 
and other machinery to service conditions may not be out of 
place. 

M. L. Keller: (by letter): Although I agree with Professor 
Kennelly that the binary time constant as suggested by him is 
the much more practical term for a simple explanation, the 
exponential time constant has nevertheless some importance 
from the practical standpoint. Instead of saying that after 
the lapse of one exponential time constant the deficiency is 
1/2 <0.7182, which for practical purposes is meaningless, we may 
define the exponential time constant as the time necessary to 
reach the maximum temperature if no heat is dissipated during 
the period of observation (See Fig. 10 herewith). 

This definition is very simple and has also other advantages. 
For instance: we are able to determine the tangent of the tem- 
perature curve at the start without reference to the later period - 
of the temperature rise. 

The differential equation as set forth, is: 

Ded = Gh. Case (1) 
G = weight (gramm), c = specific heat 

Considering the temperature-rise in degrees centigrade per 
second of a conductor with the conductivity (p), specific weight 
(Y) and specific heat (c), at a current-density (7) amp/mm?, we 
find 


p = watt; 


p 
oy te 


knowing the ultimate temperature-rise to be 


6°/see = ? (2) 


Therefore, 


A = 


)], the expon- 


‘ential time constant is: 
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This means that if we know the conductor and ultimate 
temperature-rise at a given current density, the value of the 
time constant can be easily obtained. 

Applying equation (3) to electrical machines, it will be found 
that the time constant thus determined is in most cases too small. 
The reason for this lies in the fact that we must take into account 
the thermal effect of the materials surrounding the conductor. 
It is apparent that the insulation around the conductor in- 
creases the time constant of the same, acting as a means of 
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storage of heat energy produced by the conductor. It may be 
added that with the increase in the heat-absorption qualities and 
conduetivity of the insulating material, the active time constant 
also increases. As it takes time for the surrounding materials 
of the conductor to absorb heat, it is evident that the increasing 
influence of the insulation, ete., upon the conductor depends on 
the rapidity of the temperature rise, which in turn depends on the 
load. (For load periods the duration of which is greater than 
about 3/5 times the full-load time constant this need not be 
considered.) In other words: the time constant of electrical 
machines is not only a function of material and construction, 
but indirectly also of load periods and load variations as well. 
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This fact is of extraordinary importance where sudden load 
changes in quantity and duration occur and where the total time 
constant of the machine is large in respect to the inherent time 
’ constant of the heat producing conductors (for instance, trans- 
formers). 

The above conclusions explain Prof. Kennelly’s statement, why 
with reference to Fig. 7 in his paper ‘‘the computed curve has the 
tendency to exceed the temperature curve near the middle of the 
run.’ The inherent time constant of the motor analyzed by 
this curve—judged by its size—will probably be half (or even 
less) the given full-load time constant. For a general rule, it 
may be said that the full-load time constant of a motor depends 
on the conductor plus about 50 per cent on the insulation in the 
slot. 

Prof. Kennelly mentions as a main reason causing deviation of 
the temperature curve from a strict time-constant curve ‘‘that 
the windings of a machine with their copper losses form one 
thermal system and the steel structures with their iron losses, 
form another and that each tends to modify the behavior of the 
other.’’ 

This conelusion is of much importance and brings forth the 
question: How do these different thermal systems affect the 
hottest—. ¢. critical spot—of the machine and how are we able 
to consider them in a simple manner? As the critical spot— 
which is the main point of interest to us—lies at the inner surface 
of the insulation next to the conductor, the simplest way seems 
to be, to take as a basis for any temperature consideration the 
time constant of the conductor which is identical with that of the 
critical spot and to consider the other heating sources, iron 
losses and adjacent conductors, as distributing factors. 

Recapitulating, we may say, the smallest time constant of an 
electrical machine is the inherent time constant of the conductor. 
It increases through the thermal influence of the surrounding 
materials (insulation, etc.). The amount of this influence 
depends on the rapidity of heat changes in the conductor, this 
means that the time constant is also a function of the load. The 
heating influence of the iron losses and adjacent conductors are 
to be considered as disturbing factors in respect to the critical 
spot. ; 

F. Wenner (by letter): In the analysis of this problem Prof. 
Kennelly points out the similarity between it and the variation 
of an electric current in an inductive circuit. This procedure 
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enables us to handle certain parts of these two problems practi- 
cally as if they were the same problem, and to apply information 
we may have concerning one to the other. To those who are 
required to work with both problems this results in a real saving 
of mental effort. 

As this subject.is one of considerable importance and the 
method of analysis is new it may not be out of place to point a 
little more in detail the way in which thermal time constants 
may be used to advantage in the solution of a particular problem. 
It will be conceded without question, I think, that an exact 
mathematical solution is too complicated for general use. 
Further, nothing is gained by carrying the computations to four 
or five significant figures, since the data is reliable to a few 
significant figures only and the fundamental assumptions which 
must be made are only approximately correct. What is wanted 
is a simple procedure by which calculations can be made to two 
or at most three significant figures. 

In the consideration of a similar though somewhat more 
complicated problem in electromechanics, it was observed that 
a considerable simplification could be made by using what, for 
the lack of a more appropriate designation, we have called a 
“weight” curve. This is the response and recovery curve with 
the time seale reversed and with all ordinates multiplied by such 
a factor as to make the area under the curve unity. 

In a dynamoelectrie machine heat is developed within the 
material of the machine simultaneously with the energy output 
and is dissipated slowly. Ifa load is applied for an instant only, 
the mean temperature increases suddenly and then decreases 
very slowly following approximately a curve similar to that 
shown in Fig. 4 of the paper. The variation in mean tempera- 
ture, therefore, may be considered to follow the eurve shown here 
in Fig. 11. The instantaneous rise shows the response and the 
part beyond the peak shows the recovery. The weight curve 
corresponding to this response and recovery curve is of the form 
shown in Fig. 12. In the latter the origin of time is taken at the 
end. Any convenient unit of time such as the minute or the hour 
may be used. However, there is a very considerable advantage 
in taking one of the time constants of the machine under consider- 
ation as the unit of time. When this is done both the response 
and recovery curve, and the weight curve are independent of the 
constants of any particular machine. In fact all responses and 
recoveries of whatever nature, which take place according to the 
laws assumed to apply here have the same weight curve. 
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If the unit of time is taken as the binary time constant then 
the weight at any time ¢ is equal to Log, 2 t?. This gives the 
following data which may be used in constructing a weight 
curve. 


Time Weight 

0 0.693 
—\4 0.583 
-\% 0.490 
=1 0.347 
—2 0.173 
—4 0.043 
—8 0 003 


Such a curve is shown drawn to seale in Fig. 13. 
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Now let us see how we may proceed to predict the temperature 
rise for a particular machine when subjected to a particular 
assumed load. Let this load be as shown in the curve of Fig. 14, 
and let the problem be the determination of the temperature rise 
at the end of 414 hours. As Prof. Kennelly has pointed out, 
three specific thermal data are required. These are the ultimate 
temperature rise for two different constant loads and the time 
instant. The former give two points from which a straight 
line curve similar to that shown in Fig. 1 of the paper may be 
plotted and the latter serves to convert the time scale of the as- 
sumed load to the time scale of the weight curve. We then 
have three curves for use in making the calculations, namely: 
1. The assumed load curve with a proper time scale, 2. The ulti- 
mate rise in temperature curve of the type shown in Fig. 1 of the 
paper, and 3, the weight curve as shown in Fig. 13 herewith. 
With these three curves, a slide rule, and pencil and paper, the 
calculation is earried out as follows: First, read from the load 
curve the average load from — 4 to 0. Second, from the ulti- 
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mate temperature rise curve read the rise in temperature cor- 
responding to this load. Third, read from the weight curve the 
mean weight from —\4 to0. The ultimate rise in temperature, 
times the time (in this ease 14) gives the temperature rise at the 
time 0 which would result from the assumed load if applied only 
from —\% to0. This figure is the first of a series to be added. 
Proceeding in the same way the temperature rise which would 
result at the time 0 from the assumed load if applied only from 
—l4 to —\% isobtained. This constitutes the second term of the 
series to be added. Third, Fourth, ete., terms of the series are 
obtained in the same way, except, as the weight becomes smaller, 
an interval of time equal to a half, a full, or even two time con- 
stants may be used. The series is extended back so as to include 
the time at which the load came on, or to a time previous to 
which the load does not appreciably affect the temperature at the 
time 0. The addition of the series gives the temperature rise to 
be expected at the time O (in this ease at the end of 414 hours) 
for the assumed load. The calculation is simple, straightforward, 
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and readily gives an accuracy comparable with the accuracy 
of the fundamental assumptions and data based upon these 
assumptions. 

In this discussion I have tried to show how the technique ac- 
quired in work upon a more complicated problem in electro- 
mechanics may be used in computing the temperature rise in a 
dynamoelectric machine, when subjected to a variable load. 
Fundamentally the procedure followed is the same as that out- 
lined in the paper. It is, however, given in more detail with the 
hope that this may lead to a fuller appreciation of the advantages 
to be gained by the use of time constants, whether thermal, 
electrical, or mechanical, depending upon the nature of the prob- 
lem under consideration. 


A. E. Kennelly: The discussion has brought out many in- 
teresting and valuable points, including new mathematical ma- 
terial by Messrs. Luke and Wenner. 

It has been pointed out that while the graphs of temperature 
elevations in different parts of dynamo machines may deviate 
considerably from exponential or time-constant curves, yet in 
many cases, under certain restrictions, they approximate to true 
time-constant curves sufficiently closely for many practical pur- 
poses. Valuable graphical data to this end have been con- 
tributed by the speakers. Moreover, it seems to be unanimously 
agreed that whenever a time ¢onstant can be used in practise, it 
should be a binary time constant. 


It has been well shown that in view of deviations of heating 
curves from strict time-constant curves, it is unsafe to assign a 
time constant to a heating curve by means of a tangent drawn 
through the origin. Perhaps the most practical way to deter- 
mine the mean binary time constant from a curve of observed 
steady-load heating against time, is to measure the temperature 
elevation 9, at successive uniform time intervals ¢;. Then if 
6; is the temperature rise in one such interval, and this has 
reached 62 by the end of the second interval, we have as the binary 
constant r2 on the assumption of exponential rise during these 
two intervals (2 ¢2) 

0.30103 t; ~ 


T2 = time 
6, ; 


62-80, 


log 


Thus, if the chosen time interval t; happened to be equal to 
v2, the rise 6; in one such interval would be just double the 
3 § Z 0 
further rise 62 — 6, in the second interval, and log (—-) 
¢ aes 1 
= log 2 = 0.30103. By repeating the computation over several 
such successive pairs of intervals, we can easily ascertain whether 


72 is nearly constant throughout, or whether a mean value of r2 
can be accepted. 


Squirrel-Cage Induction-Motor Core Losses 
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Synopsis-—An experimental method is presented for seg- 
regating the various .no-load losses of a squirrel-cage in- 
duction motor. It is shown that for insulated rotor bars the 
losses consist principally of stator fundamental-frequency losses, 
rotor surface losses and eddy-current losses in the rotor bars due to 
radial and tangential slot-leakage fluxes in the rotor slots caused 
by reluctance pulsations in the air-gap between stator and rotor 


teeth. The pulsation losses vary about as the square of the air-gaP 
induction and about as the 1.2 power of the frequency. The 
surface losses for the particular slots described are from \% to 1/3 
of the total pulsation losses. The pulsation losses are approxi- 
mately the same whether or not the rotor bars are connected by end 
rings, and are approximately equal to the stator fundamental- 
frequency losses. 


INTRODUCTION 


N a recent edition of Behrend’s ‘‘The Induction 
Motor,” it is stated that certain assumptions with 
reference to induction-motor core losses are “‘justi- 

fiable only on account of a profound ignorance of the 
causes of core losses and the magnitude of these losses.” 
This may be true to a degree in connection with the 
core losses of this type of machine, particularly con- 
cerning the high-frequency pulsation losses due to the 
pulsations in the tooth flux as the rotor teeth pass by 
the stator teeth. Some experimental work has been 
done to segregate these high-frequency losses for 
wound-rotor induction motors, but so far as we know no 
data have been published showing a segregation of the 
various types of core loss for squirrel-cage induction 
motors. In this paper we propose to give such data 
for a special experimental machine. 


TYPES OF CORE Loss 
Squirrel-cage induction-motor no-load core losses 


may be classified as follows: 
1. FUNDAMENTAL-F'REQUENCY LossEs 

a. Stator 
1. Yoke hysteresis 
2. Yoke eddy current 
3. Tooth hysteresis 
4. Tooth eddy current 

b. Rotor 
1. Core hysteresis (Slip frequency) 
2. Core eddy current (Slip frequency) 
3. Tooth hysteresis . 
4, Tooth eddy current “ e 

2. HicH-Frequency Puusation Losses 

a. Stator 
1. Surface 
2. Tooth pulsation 
3. Copper eddy current 

b. Rotor 
1. Surface 
2. Tooth pulsation 
3. Rotor bar eddy current 
4. High-frequency damping current in secondary 

winding. 

In the squirrel-cage construction some of these 
losses will be negligible. For instance, there will 
be no appreciable fundamental-frequency losses in the 

i. Research Engineer, Westinghouse Electric & Mfg. Co., 
East Pittsburgh, Pa. 

Presented at the Midwinter Convention of the A. I. E. E., 
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rotor under ordinary no-load conditions due to the 
very small slip. High-frequency damping currents 
in the rotor bars may exist not only to damp out the 
tooth pulsations but also to give more nearly a sine- 
wave distribution of flux in the air-gap. The value 
of these latter currents will depend upon the number of 
slots and type of stator winding used. The relative 
magnitude of these various losses will be discussed 
later in connection with the test results. 


Test APFARATUS 


The induction motor used in this investigation was 
a special 3-phase, 4-pole, 60-cycle, 440-volt machine of 
about 35-h. p. capacity. The stator and rotor punch- 
ings had the following dimensions: 


Stator 
Punchings O. D. 19 in. I. D. 13-19/32 in. 
Length 6 inches 
No. Slots (open) 60 
Air-gap 0.047 in. 
Rotor 
Punchings O. D. 13% in. I. D. 4 in. 
Length 6 inches 
No. Slots (nearly closed) 78 
See Fig. 1 for slot dimensions 
The rotor bars were 0.484 in. by 0.3 in. by 9.25 in. 

The rotor was direct-connected to a 3-h.p. d-c. 
motor, the set being supplied with 3 ball bearings. 
The induction-motor, stator and rotor punchings were 
made of enameled 0.0172 in. one per cent silicon sheet 
steel. Special pains were taken to remove the burrs 
before enameling the punchings. The induction- 
motor stator was supplied from a 440-volt 3-phase 
generator direct-connected to a d-c. drive motor, the 
set having a considerably larger capacity than the 
special motor under test. The d-c. motor of the special 
set was supplied from a storage battery. 


TEST METHODS 


Three sets of tests were made: (1) with no windings 
on the rotor, (2) with rotor bars in position but no end- 
rings, (3) squirrel-cage winding complete with brass 
end-rings. In order to eliminate the uncertain varia- 
tions due to laminations being short-circuited by the 
rotor bars, as is the condition for the standard con- 
struction, slightly smaller bars than normal were used 
and insulated by means of 3-mil fish paper. 
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For the first two tests the results were obtained by 
the method described in the appendix of a previous 
paper.!. The method consisted in measuring the a-c. 
input to the induction-motor stator and the d-c. 
input to the drive motor, subtracting the friction and 
windage, brush and J? R losses from the inputs and 
plotting the curves as indicated by Fig. 2 for a given 
a-c. voltage and frequency and various rotor speeds. 
a, b, c, d, e, is the a-c. input and 0, f, g, h, 2, is the 
corresponding d-c. input. c is the midpoint of 8, d, 
and g is the midpoint of h, f. O-—c’ is the stator 
fundamental-frequency loss for the given conditions. 


Stator 


0.047 in. 


Rotor 


Fig. 1—Dimensions or Stator and Rotor PuNncHINGSs 


O—q’ is the high-frequency pulsation loss. O, g, J, 
is the pulsation-loss curve for various rotor speeds and 
the given applied stator frequency and voltage. Fora 
theoretical discussion of this method see Alger and 
Eksergian.” 

Due to voltage limitations of the supply generator 
an average air-gap induction of 22 kilolines per sq. 
in. only was obtainable by this method. In order to 
extend the range direct current was applied to the 
stator and the input to the drive motor noted for 
various speeds and stator fields, as described in the 
previously-mentioned paper on Surface Losses. The 
fundamental-frequency rotor losses as obtained from 
the test with alternating current on the stator were 
extrapolated and. subtracted from the total, giving the 
pulsation losses. Results up to 32 kilolines, air-gap 
induction, were obtained. 

For the third set of tests with the complete squirrel- 
cage winding we had to resort to a slightly different 

1. Surface Iron Losses with Reference to Laminated 
Materials, by T. Spooner and I. F. Kinnard, presented before 
the A. I. E. E. in Philadelphia, Feb., 1924. 


2. Induction Motor Core Losses. Jour. A. I. E. E., Oct., 
1920, p. 906. 
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method of procedure.’ Due to the large torque pro- 
duced by the rotor windings, speeds only slightly 
different from synchronism could be used. Therefore 
tests were made with rotor speeds varying in general 
not more than 0.2 of a cycle from synchronism. Two 
points above synchronism and two below were measured 


WATTS % 


ba 


0 ROTOR SPEED 


Fig. 2—Inruts to Motor-GENERATOR SET, SHowine Mrruop 
oF SEGREGATING LossES 


and the results plotted as indicated by the typical 
results of Fig. 3. It will be noted that even for the 
very slight departure from synchronism of 0.1 of a 
cycle, the inputs and outputs are considerable. The 
very greatest care was necessary in measuring these 
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Fre. 3—A-C. anp D-C. Inputs to Moror-GeneraTor SET 
Wire SquirREL Cage Rotor 60 CycLes 


inputs and outputs in order to obtain reliable results, 
and without a very steady d-c. and a-c. supply such 
tests are impossible. Three synchronous speeds were 
used, namely, 20 cycles, 40 cycles and 60 cycles, and 
as wide a range of voltages as possible. It may be 
noted that with the scale of abscissas used for Fig. 2 
the lines for Fig. 3 would be nearly vertical. 
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In order to measure the slip frequency, use was made 
of a coil which was placed around a single rotor tooth 
for the purpose of measuring the tooth-flux pulsations. 
This was connected to a d-c. galvanometer through 
slip rings. Whenever the d-c. galvanometer completed 
a cycle of oscillation, the rotor completed a cycle of 
ship. The time was measured by means of a stop 
watch. 

TEST RESULTS 


Fig. 4 gives: the pulsation losses for a synchronous 
frequency of 20 cycles and the three conditions, 
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Fie. 4—Puusation Losses—20 Cyrcuzs 


namely, no rotor bars, bars unconnected and bars 
connected. With no bars it will be seen that the rate 
of increase of pulsation losses decreases for the higher 
air-gap inductions. This is due to saturation of the 
teeth and consequent reduction of the tooth pulsations 
as explained in a previous paper.’ The difference 
between these results and the losses with the uncon- 
nected bars is due to high-frequency slot leakage 
fluxes caused by saturation of the teeth which produced 
' eddy-current losses in the bars. These fluxes are 
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Fig. 5—Puuisation Lossrs—60 Crcuzs 

both tangential and radial and while the density is 
only a few hundred lines per square inch, the fre- 
quency isso high that the losses become considerable. 

_ With the bars connected, the high-frequency tooth 
pulsations produced currents in the bars which tended 
to damp out the tooth-pulsation fluxes. In fact, they 
do this so effectively that at 60 cycles no tooth-pulsa- 


3. Tooth Pulsation in Rotating Machines, by T. Spooner. 
Jour. A. I. E. E., July, 1924, p. 646. 
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tion voltages could be detected by any a-c. indicator 
available when connected to the previously-mentioned 
coil surrounding a rotor tooth. With no rotor bars 
this voltage was of the order of 3 volts and with the 
bars connected was less than 0.1 volts. It will be 
noted that in spite of this damping out of the high- 
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frequency fluxes, the pulsation losses are not much 
changed. This will be discussed later. 

Fig. 5 shows the corresponding 60-cycle pulsation 
losses. 40-cycle losses are intermediate. 

Fig. 6 shows a comparison of the pulsation losses for 
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Fig. 7—Insuntatep Bars—ConnEcreD—20 CycLzs 


the three fundamental frequencies, 20, 40 and 60 cycles 
with the bars connected. It will be noted that in 
spite of the difficulties of test the points line up fairly 
well. 

Fig. 7 shows the no-load losses for 20 cycles applied 
to the stator with the bars connected. It will be seen 
that the pulsation losses.are nearly as great as the 
fundamental-frequency stator losses. These pulsa- 
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tion losses include the surface losses, which are given 
by the lower curve and were plotted from the results 
previously obtained on smooth core rotors.! Since 
the rotor slots are nearly closed, it is assumed as a 
first approximation that the surface losses for the 
rotor are the same as for a smooth-core rotor. Also 
due to the nearly closed rotor slots it is assumed that 
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the stator tooth-pulsation and surface losses are 
negligible. The rapid increase of stator losses at 
high inductions is due to the fact that the stator yoke 
was rather narrow and began to saturate, thus forcing 
flux into the solid frame and hence rapidly increasing 
the stator losses. 

Fig. 8 gives the motor core losses corresponding to 
an applied frequency of 60 cycles. The relative losses 
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LATED AND NOT CONNECTED 


are much the same as for 20 cycles. The 40-cycle 
results lie in between the 20- and 60-cycle losses. 

Fig. 9 gives the eddy-current losses in the uncon- 
nected copper bars as obtained by subtracting the 
test values of set No. 2 from set No. 1, namely, the 
difference between the losses with the unconnected 
bars and no bars. 
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Fig. 10 gives the stator losses with the connected 
bars and with no bars on the rotor. The increased 
losses in the former case should be noted. 


DISCUSSION OF RESULTS 
The fundamental-frequency stator losses can be 
calculated in the ordinary way from the known funda- 
mental magnetic characteristics of the material. 
If appreciable burrs are present or the enamel on the 
punchings is not in good condition, eddy losses will be 
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present which are not subject to accurate calculation. 
Also, if it is desired to go to such a refinement, the 
additional losses in the yoke material due to the ellip- 
tical field may be calculated by the method developed 
by Alger & Eksergian.2. This correction is fairly small 
in this case. 

Since we are dealing only with synchronous speeds 
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the rotor slip-frequency losses are zero. In any case 
they would be fairly small except under starting 
conditions. They may be calculated in the ordinary 
way for any desired slip. 

As previously mentioned, for the nearly-closed slots 
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it is assumed that the stator surface and tooth-pulsation 
losses are negligible: We have left then only the rotor 
high-frequency losses. The method of calculating the 
surface losses has been described previously. 

Referring now to the rotor tooth-pulsation losses, 
we shall give only brief attention to the condition with 
no rotor bars, since the losses do not correspond to 
working conditions though the results are of interest 
in connection with other types of machines having 
wound rotors. These tooth-pulsation losses are the 
result of high-frequency pulsations which penetrate 
the whole length of the rotor teeth and are caused by 
variations in the reluctance between the individual 
stator and rotor teeth at the air-gap. The method of 
calculating these pulsations has been given previously.’ 
The actual magnitude of the tooth pulsations was 
measured ballistically with direct current applied to 
the stator as shown by Fig. 11. The effect of satura- 
tion in reducing the flux pulsations should be particu- 
larly noted. Inductions are expressed in net section 
of iron and correspond to the position of maximum 
air-gap flux. Remembering that for a 60-cycle funda- 
mental frequency the tooth pulsations have a fre- 
quency of 1800 cycles, it can easily be seen how these 
high-frequency fluxes produce the hysteresis and eddy 
losses which were observed. Referring to Figs. 4 and 5, 
the effect of saturation on the tooth-pulsation losses 
for no bars should be compared with the tooth-pulsa- 
tion data of Fig. 11: 

For the second case with the unconnected bars we 
have in addition to tooth-pulsation losses, eddy-current 
losses in the bars due to radial and tangential slot 
leakage fluxes. As the teeth begin to saturate, high- 
frequency flux pulsations pass down the rotor slots 
and produce eddy currents in the rotor bars. Also, 
when a rotor tooth is opposite a stator tooth and 
therefore in position of minimum air-gap reluctance, 
the adjacent teeth are in a position of greater air-gap 
reluctance, therefore at a lower magnetic potential. 
Due to the saturation of the first tooth flux crosses the 
air-gaps to the teeth at lower magnetic potential, thus 
giving rise to tangential leakage fluxes of the same 
high frequency as the radial fluxes. When a tooth is 
in a position of maximum air-gap reluctance the tan- 
gential leakage fluxes flow in the opposite direction 
across the slots. 

The magnitude of these slot-leakage fluxes was 
measured ballistically and found to be only from one to 
two hundred lines per square inch, even at fairly high 
tooth inductions. Nevertheless, due to the large sec- 
tion of the copper bars and high frequency, losses of 
several kilowatts would have been produced at the 
higher inductions with 60 cycles applied to the stator 
if there were no skin effect. Due, however, to skin 
effect, these eddy losses were much reduced, giving the 
values actually observed. The magnitude of, these 
leakage fluxes can be calculated roughly from the 
permeability of the tooth material and the variations 
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in tooth air-gap reluctance but the details will have to 
be reserved until a later date. 

For the third case with the rotor bars connected we 
arrive at further complications. As it has been shown 
experimentally that the tooth pulsations are reduced 
to small values, it might at first be assumed that since 
the pulsation losses remain nearly the same, the high- 
frequency circulating currents in the copper bars give 
rise to losses which are approximately equal to the 
decreased iron losses in the teeth. 

The magnitude of these high-frequency currents 
was calculated for an average air-gap induction of 22 
kilolines and found to be about 100 root-mean-square 
amperes maximum. The corresponding losses were 
calculated using Field’s Method‘ of calculating the 
effective resistance and it was found that this would 
account for only a comparatively small percentage 
of the observed losses. It was therefore concluded 
that these losses were the result of the eddy-current 
losses in the copper due to increased tangential slot- 
leakage fluxes, due to the increased magnetomotive 
force between adjacent bars. Since pulsating flux 
can no longer flow down the teeth to compensate for 
the varying tooth air-gap reluctance, a higher mag- 
netomotive force exists between the adjacent teeth 
and as a consequence more leakage flux passes tan- 
gentially across the. upper part of the slots, producing 
higher eddy losses than existed with the open-circuited 
rotor bars and thus compensating for the decreased 
iron losses in the teeth. Moreover, these tangential 
slot-leakage fluxes will be of considerable magnitude 
at lower tooth inductions since we would have the same 
effect produced by the short-circuited bars as would 
be produced by saturation of the teeth. The radial 
slot-leakage fluxes probably would not be greatly 
altered by the short-circuited bars. 

The rate of increase of these losses with induction 
and frequency is interesting. As previously reported,' 
the surface losses increase about as the square of the 
air-gap induction and as the 1.5 power of the frequency. 
For the closed-bar rotor, the pulsation losses increase 
about as the square of the induction (a little less at the 
lower inductions and a little greater at the higher). 
The pulsation losses increase about as the 1.2 power 
of the frequency and if the surface losses are sub- 
tracted, the pulsation losses increase about as the 
first power of the frequency. 

The increase in fundamental-frequency stator losses 
with closed rotor bars (Fig. 10) is probably due to the 
following cause. With no rotor bars the field form 
at the air gap is rather flat. In the presence of the 
squirrel-cage rotor at synchronous speed there is no 
fundamental frequency current in the rotor bars, but 
there are higher frequency currents which circulate 
and tend to give a sine wave distribution of flux in the 
air-gap, thus increasing the maximum stator-tooth 


4. A.B. Field, Proc. A. I. E. E., Vol. 24, 1905, p. 659. 
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inductions and probably accounting partly at least 
for the increased fundamental-frequency stator losses. 


CONCLUSIONS 


The important no-load losses for a squirrel-cage 
induction motor having open stator slots and nearly 
closed rotor slots are, then, the fundamental frequency 
stator hysteresis and eddy-current losses in the teeth 
and yoke. (These may be altered somewhat due to 
change in field form resulting from harmonic currents 
in the squirrel-cage winding). There are also, of 
course, J? R losses in the stator windings due to the 
magnetizing current. 

In the rotor we have surface losses, eddy .losses in 
rotor bars due to tangential and radial slot leakage 
fluxes and J? R losses in the rotor bars due to high- 
frequency damping currents. The varying magneto- 
motive force due to the air-gap tooth-reluctance 
pulsations produces tangential slot-leakage fluxes which 
give large eddy losses in the bars but under conditions 
of large skin effect, namely, the eddy currents are 
concentrated near the surface of the bars. There are 
also, of course, certain losses in the iron due to high- 
frequency leakage fluxes which can be estimated only 
very roughly. 

When the rotor bars are not insulated from the 
core new conditions arise which we hope to consider at 
a later date. Uninsulated bars are, of course, the 
standard practise. 

In conclusion, we may say that for the ordinary 
squirrel-cage induction-motor the rotor pulsation losses 
are of the same order of magnitude as the stator 
fundamental-frequency losses and that the pulsation 
losses are approximately the same whether or not the 
rotor bars are connected. 


Discussion 


P. L. Alger: Mr. Spooner’s paper extends by one step our 
knowledge of the various kinds of core losses which we have 
been considering for several years in Institute papers. First, we 
described the line-frequeney losses; then, recently, Mr. Spooner 
described the surface losses; and now the pulsation losses are 
being attacked. These last losses, though, are the most com- 
plicated and the most difficult to understand of all those that 
occur at no load, and, consequently, it is worth while to point out 
some of the things that are not mentioned in Mr. Spooner’s 
paper; which, nevertheless, are very important in this connection. 


The first point I have in mind is an explanation of 
Mr. Spooner’s statement that he finds more loss with the bars 
short-circuited than he can account for. I believe the reason is 
that when the bars are short-circuited in the rotor, the induced 
squirrel-cage currents shove the pulsation of flux back into the 
stator. That is to say, with the bars open the rotor flux pulsates; 
when the bars are closed the rotor flux is held constant and, 
consequently, the flux is forced to pulsate in the stator. Thus, 
losses of high frequency are produced in the stator in addition to 
those occurring in the rotor, and these extra iron losses account, 
in my mind, for the additional losses occurring beside the losses 
calculated to be in the copper itself. 


In the second place, I will describe a convenient means of 
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measuring the tooth-frequeney losses applicable to completed 
machines, which Mr. Spooner has not mentioned. By measur- 
ing the running-light slip of an induction motor, the total torque 
developed by the flux is determined:. For, the torque of the 
motor is proportional to the slip at light loads, and the design 
data give a reasonably accurate value of the torque per rey. per 
min. of slip. When the motor is running light, the total torque 
developed is absorLed in overcoming the friction and windage 
losses and tooth-frequeney losses. The tooth-frequency losses, 
which are due to the passage of the rotor past the stator teeth, 
are precisely analogous to friction losses in their manner of origin. 
Like all friction losses, they must be supplied from the source of 
power that causes the motion, which, in this case, is the funda- 
mental electromagnetic torque of the motor. From this, it is 
evident that by subtracting the friction and windage watts from 
the synchronous torque developed by the motor when running 
light, as indicated by the observed value of slip, there is obtained 
the value of the part of the core loss due to the tooth pulsations 
and surface losses. The value of tooth-frequency loss so obtained 
must be inereased by the amount of power supplied by the rotor 
hysteresis torque, as obtained by calculation. 
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The advantage of this method of measuring tooth-frequency 
losses is that it forms a means of segregating core loss into its two 
major portions as a routine part of the commercial testing. To 
illustrate the results obtained by the method and to make clear 
my third and last point, there are shown herewith three diagrams 
illustrating the test results on three dissimilar motors. Fig. 1 
shows the total core loss as a function of line voltage on a 400- 
h. p., 60-cycle, slip-ring motor. There are also shown curves 
of the synchronous watts obtained from slip measurements, and 
of the synchronous watts corrected by adding the hysteresis 
torque. With these data available, the separation of the total 
loss into its components is easily made, as indicated in the figure. 
In this particular motor, the line-frequency core loss was only 
3.5 kw. out of a total core loss of 9.1 kw., showing the motor to 
have an exceptionally large percentage of tooth-frequency losses. 

The remaining two figures, Figs. 2 and 3, illustrate my third 
and last point, which is the possibility of varying the tooth- 
pulsation losses without affecting the major electrical character- 
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istics of the machine, by varying the ratio of primary to second- 
ary numbers of teeth. When the numbers of teeth on the two 
sides of the air-gap are nearly equal and when the rotor slots are 
partly closed, each rotor tooth always spans approximately one 
stator tooth and one stator slot, so that its flux remains practi- 
eally constant. However, when the number of rotor teeth be- 
comes large, each rotor tooth first embraces the flux from a 
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stator tooth, and then that of a stator slot, and so on, so that the 
flux pulsates very considerably. The relations to be expected 
between the flux pulsations and the tooth ratios are given at 
some length by Chapman in the London Electrician for August, 
1916. Here it need only be said that with a large tooth ratio the 
pulsation losses are high, and with a nearly one-to-one ratio the 
losses are small. : 
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Fig. 2 shows the running-light slip and the synchronous-watts 
eurve on a 30-h. p. motor with 72 and 69 slots. It will be seen 
that the ratio of the tooth-frequency losses to the friction and 
windage is very small, indicating a very low total core loss. 
Fig. 3 shows a similar pair of curves on a 20-h. p. motor with a 
comparatively large ratio of teeth, and with magnetic wedges in 
the rotor. This motor has a tooth-frequency core loss of five 
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times as much as its friction and windage, corresponding to a very 
high total core loss. 


The obvious reason for not designing squirrel-cage motors 
with nearly one-to-one ratios of slots and, consequently, with low 
core losses, is that such a design makes the machine noisy. 
When a combination of slots that avoids both noise and core loss 
is obtained, it will be found that standstill locking or synchronous 
erawling will occur, so that as yet no means of solving the prob- 
lem other than a good old-fashioned compromise has been 
discovered. 


H. Weichsel: Any designer of electrical machines will 
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welcome and appreciate the valuable contributions which Mr. 
Spooner has given to the engineering fraternity upon several 
occasions on the subject of iron losses. The phenemona which 
are responsible for the so-called iron losses in electrical machines 
are extremely complicated and are the result of a large 
number of factors entering into this problem. Mr. Spooner 
has described in various articles some of the most important 
factors. May I take this opportunity to point out some con- 
ditions which have not received general attention. 

If a search coil is placed over a stator tooth of an induction 
motor and the induced voltage in this coil is recorded by an os- 
cillogram, the following phenomena will be observed: 

If the rotor is driven at approximately synchronous speed from 
an outside source, while the stator winding is connected to the 
supply line and the rotor is not provided with a winding, then 
certain high-frequency oscillations will be recorded, such as are 
shown in Fig. 4. If the rotor is then provided with a squirrel- 
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cage winding and the machine is allowed to operate idle under its 
own power, it will be noticed that the fluctuations of the voltage 
in the search-coil have greatly increased, as shown by oscil- 
logram Fig.5. This inerease of the oscillations is the result of the 
damping currents flowing in the squirrel-cage windings. 

These damping currents, as pointed out by Mr. Spooner, 
attempt to reduce the fluctuation in the rotor teeth. But these 
currents not only react on the rotor teeth but also on the stator 
teeth and in this latter member the fluctuations are increased. 
The oscillograms Figs. 4 and 5 were taken on a machine with 
semi-closed slots in the stator and rotor and no skew in either 
member. 

Figs. 64 to 6c, inclusive, represent arotor and stator punching. 
The stator is assumed to have open slots and the rotor is shown 
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with semi-closed slots. In Fig. 64 the maximum possible flux 
will pass through the rotor tooth No. 1. - In the position pictured 
in Fig. 68, the number of lines passing through rotor tooth No. 1 
have decreased and in the position represented by Fig. 6c, the 
number of lines passing through the rotor tooth No. 1 are a 
maximum. 

A voltage will be set up in a loop of the squirrel-cage winding 
surrounding the tooth No.1. The frequency of this voltage will 
be such that one cycle is completed during the time required for 
the rotor tooth to move one stator slot pitch. The current which 
is caused by this voltage to flow through the loop surrounding the 
rotor tooth No. 1 will be 90 electrical degrees displaced from its 
voltage. This current is a maximum when the rotor and stator 
tooth coincide and is zero when rotor tooth is in position B. 
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As the losses decrease roughly with the square of the number of 
lines under otherwise equal conditions, it can be readily seen that 
in spite of the less favorable relations from the fluctuation point 
of view in Fig. 8 the total losses of the machine built according to 
Fig. 8 may be less than the total losses in a machine built accord- 
ing to Fig. 7. The general tendencies of the laws governing the 
relative changes between the necessary magnetic lines and the 
relative changes of the losses are approximately represented in 
Fig. 9. Experience has shown that generally the minimum iron 
losses for a given machine are obtained when the ratio of rotor 
tooth crown to stator slot pitch is 70 to 75 per cent, while the 
stator tooth crown is about 40 to 50 per cent of the stator slot 
pitch. 

It may also appear that skewing the rotor member would have 


(See Figs. 5 and 6.) The current is a maximum again when the 
rotor tooth has reached position C. All stator teeth which at a 
certain moment lie in the region of maximum induction of the 
main field, have the same magnetic polarity and are of practically 
the same field strength. During the short time required for the 
rotor to move one rotor slot pitch, the magnetomotive forces 
acting on adjacent stator teeth due to the stator winding can be 
cousidered as constant and of equal polarity and strength. 

The whole arrangement pictured in Fig. 6 may be consid- 
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ered as a short-circuited high-frequeney induction generator, 
where the stator forms the exciting member and the rotor coils 
represent the short-circuited induced winding. 

At the first thought it might appear to be advisable to design 
the rotor punching of an induction motor with an open slot stator 
in such a manner that the fluctuations in the rotor teeth become 
zero. Such a condition ean readily be obtained when the relation 
exists as shown in Fig. 7. 

An arrangement as per Fig. 7 gives less losses than an arrange- 
ment corresponding to Fig. 8 on basis of equal induction and 
equal dimensions of the magnetic cireuit. However, a machine 
built in accordance with Fig. 8 requires for the same maximum 
horse power less magnetic lines than a machine of equal dimen- 
sions built in accordance with Fig. 7. 


a beneficial effect on the losses of a machine. It is quite readily 
seen that when the fluctuations in a stator tooth are of a sym- 
metrical nature, when the rotor is not skewed, it is possible to 
eliminate the fluctuation in a stator tooth by skewing the rotor 
one rotor slot piteh. Experience has shown that a machine with 
skewed rotor shows a reduced fluctuation in the voltage induced 
in the search coil of a stator tooth. Nevertheless the idle losses 
of this machine are practically unchanged. This can probably 
be explained by the fact that the skewing of the rotor does. 
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not influence -the fluctuation of the individual stator lamina- 
tions but only produces a steady flow of the total magnetic lines: 
passing through one stator tooth. The skewing of the rotor 
member has further the effect of increased leakage and, there- 
fore, for equal strength of the machine the number of lines. 
must be increased. The only real beneficial effect obtainable 
by skewing the rotor is a decrease of noise and perhaps more 
uniform torque during starting. : 

The additional losses in a machine, especially the surface losses, 
are greatly influenced by machining operations on the magnetic 
circuits. Cases are known to the writer where careful reassem- 
bling of the same iron decreased the losses very materially. Other 
instances are known in.which turning or grinding the rotor sur- 
faces effected the losses noticeably, but it was also found that. 
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when the grinding of the rotor surface is done properly the 
increase in losses is negligible. The magnitude of the additional 
losses in open-slot motors is often very large and it is not uncom- 
mon that under otherwise equal conditions open-slot motors have 
114 to 3 times the losses of semi-closed slot motors. That a large 
percentage of these additional losses are located in the rotor iron 
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can readily be demonstrated by using different grades of iron 
for the rotor cireuit. The writer is familiar with cases where a 
change in the grade of rotor iron has decreased the losses in an 
open slot machine 25 per cent and more. 

Another loss which is not negligible will be found in the end 
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punchings. There is a certain number of magnetic lines which pass 
from the stator, not through the air-gap into the rotor but which 
pass out of the end punchings of the stator into the end punchings 
of the rotor, as indicated in Fig. 10. These lines penetrate the 
end punchings at right angles to the plane of the punching and, 
therefore, are most favorably located to produce heavy eddy 
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currents. Similar conditions exist in regard to the end rings 
holding the punchings. 

That these losses are not negligible has been frequently ob- 
served by the writer by comparing the iron losses of machines 
built with exactly the same punchings but with different lengths 
of iron. Invariably the machine with longer iron showed a 
smaller loss per inch of iron length than the shorter machine, 
the comparison being made for equal induction. This clearly 
indicates that quite appreciable additional losses must take place 
in the end punchings. 


Thomas Spooner: Mr. Alger and Mr. Weichsel have un- 
doubtedly given the correct explanation for the fact that the 
pulsation losses are approximately the same with and without the 
squirrel-cage bars connected by end rings, namely, in the former 
case the pulsations are set up in the stator teeth as a result of the 
high-frequency m. m. f. due to the currents in the rotor bars and 
these pulsations produce stator-tooth pulsation losses which are 
approximately equal to the rotor-tooth pulsation losses which 
existed with the rotor bars unconnected. This point was over- 
looked by us, consequently no measurements were made of the 
stator-tooth pulsations. 

The method which Mr. Alger describes for obtaining pulsation 
losses in commercial machines should be very useful due to its 
simplicity. It was not applicable, however, to a large proportion 
of the tests which we made on the experimental machines which 
were described in the paper because much of the time the rotor 
windings were either not operative or not present at all. 

As pointed out by Messrs. Algerand Weischel, there seems to be 
no way of eliminating pulsation losses in induction motors with- 
out producing other even worse effects, such as noise, dead points, 
ete. <A further knowledge of the factors which govern pulsation 
losses and these other undesirable allied effects should, however, 
make possible better compromise designs than often have re- 
sulted in the past when insufficient consideration has been given 
to tooth pulsations. 

Mr. Weichsel states that the minimum iron losses occur when 
the ratio of the rotor-tooth crown to the stator slot pitch is 70 to 
75 per cent while the stator tooth crown is about 40 to 45 per 
cent of the stator slot pitch. We have no specific data to show 
whether or not this is correct. In general, however, our experi- 
ence indicates that for open stator slots, other things being equal, 
the tooth-pulsation losses alone are less for a given per cent 
difference between the number of stator and rotor teeth when the 
rotor teeth are less in number than the stator teeth. There are 
some advantages, however, not connected directly with iron 
losses in having the rotor slots greater in number than the stator 
slots. 

Referring to Mr. Weichsel’s comments on the effects of end 
punchings, these extra losses due to these punchings are partly 
caused by the fact that these punchings are much thicker than 
the ordinary material and are often made of steel which is inferior 
magnetically. Under these circumstances the end punchings 
will frequently have several times the hysteresis and eddy losses 
which would occur in an equal volume of ordinary thin laminated 
material. The inereased losses for the short armatures noted by 
Mr. Weichsel are undoubtedly also due in part to the axial com- 
ponents of leakage flux and consequent large eddy currents as 
explained by him. 


Complete Synchronous Motor Excitation 
Characteristics 


BY JOHN F. H. DOUGLAS,’ 
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Synopsis.—Synchronous motor excitation characteristics pub- 
lished hitherto have been incomplete. If theoretically determined, 
while forming closed loops, some doubt as to their accuracy has 
been entertained. When determined experimentally, thay have not 
been complete, in that the so-called unstable portions of the curves 
have not been obtained, and generally speaking, the upper por- 
tions of the characteristics have been missing. 


HE excitation characteristics of a synchronous 
motor, more familiarly known as the V 
curves are well known. As determined from 

test they are incomplete, 7. e. lacking portion corre- 
sponding to the larger armature current values. In 
Fig. 1 is reproduced a set of complete excitation charac- 
teristics, calculated by Dr. C. P. Steinmetz and shown 
in his “Alternating Current Phenomena’’, page 434. 
These curves are closed loops. Quoting from page 
437, we read, ‘“The upper parts of these curves, how- 
ever, I have never been able to observe completely and 
consider it probable that they correspond to a con- 
dition of synchronous motor running which is unstable. 
The experimental observations usually extend about 
the lower portion of the curves, and in trying to extend 
the curves further to each side the motor is thrown out 
of synchronism.” The writers know of no published 
experimental data covering the unstable portion of 
these curves. 

Dr. Steinmetz did not regard these curves as accurate 
for he says, ‘‘It must be understood, however, that these 
power characteristics can be considered as approxi- 
mations only, since a number of assumptions are made 
which are not, or only partly, fulfilled in practise.” 
For instance Fig. 1 indicated that a synchronous motor 
will not carry any load with the field circuit open. Dr. 
Steinmetz says ‘So by decreasing gradually the excita- 
tion, and thereby the e. m. f., the curves, at light load, 
occasionally are extended below zero, into negative 
values of voltage, while the power still remains con- 
stant and positive as a synchronous motor. In other 
words, the motor keeps in step even if the field excita- 
tion is reversed; the lagging component.of the armature 
reaction magnetizes the field, in opposition to the 
demagnetizing action of the reversed field.”” We do 
not recall any experimental data published which shows 
the distortion actually occuring in the left hand corner 
of the curves in Fig. 1. 

The object of our experiments was to obtain the 
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This paper shows complete synchronous motor characteristics, 
experimentally determined, differing materially from published 
curves determined by theory. These differences are discussed, and 
their cause attributed to variations in synchronous impedance. 

Experimental data is included showing the factors on which 
synchronous impedance depends, and how it varies with current, 
saturation and power-factor. 


complete excitation characteristics of a synchronous 
motor, unstable as well as stable portions, and the 
complete closed loops if possible, and to observe the 
manner in which the curves are distorted for small and 
reversed excitations. We hoped that the instability 
was of a purely mechanical nature, for then we might 
succeed in stabilizing the motor by coupling it to 
another synchronous motor. We had, fortunately, in 
our laboratory, a 15 kv-a., 6 pole, 1200 r.p.m., 
synchronous set consisting of two identical machines, 
made by the Westinghouse Company for educational 
institutions. One of the machines had a stator that 
could be rotated around the shaft as an axis, either by 
a hand wheel, or freely within limits. The stator of 
this machine carried a two foot arm for weighing the 
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Fie. 1—Syncuronous Motor CHARACTERISTICS AFTER 
STEINMETZ 


torque by the reaction method. We connected the 
machine according to Fig. 2. The projecting arm of 
the movable stator was supported on a jack-screw, 
which was in turn supported on small platform scales. 

In Fig. 2 the motor at the right was the one tested. 
Although connected for 3 ¢, Y, and 280 volts, it was 
run at reduced voltage by a bank of auto-transformers. 
It was run first at 115 volts, later at 55 volts, and finally 
at 20 volts, impressed voltage. The motor at the left 
was run at 230 volts, and was successful in all cases in 
keeping the other machine from falling out of step. 
When supplied with current the movable stator tended 
to rotate, and we were able to measure the reaction 
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torque successfully. The left -hand motor was first 
started. The right hand machine was then excited 
to transformer voltage. S. was then closed. Before 
closing S; the movable stator was swung into such 
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Fic. 2—ConnecTions ror TEst ON COMPLETE SYNCHRONOUS 
Motor CHARACTERISTICS 


a position that the phase of the induced voltage was the 
same as that of the line when a voltmeter across switch 
S; indicated no voltage. Then switch S, was closed, 
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and as might be expected practically no current flow 
resulted, and no torque was produced. 
When a synchronous motor is loaded, the rotor drops 
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back in phase, this in turn, causes the motor to draw 
an increased current, and usually a larger torque is 
produced enabling the motor to carry its load. How- 
ever, when the increased current gives a smaller torque, 
the motor will stop. In place of allowing the rotor to 
fall back in phase, we advanced the stator with the 
jack screw. We found that advancing the stator in 
the direction of rotation, the current and watts in- 
creased continuously. At first the torque also in- 
creased, but it reached a maximum, and then an ad- 
vance of the stator phase resulted in a lower reading 
on the scales. We were able to reduce the torque 
again to zero in this way, in every case. This shows 
conclusively that we were observing points on the so- 
called unstable portions of the characteristics. 
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We were able to shift the phase of the stator sixty 
electrical degrees by the jack-screw. By reversing 
switch S; or S, we were able to advance or retard the 
phase 120 deg., by reversing S; and either S, or S; we 
were able to advance or retard the phase 60 deg. We 
made a number of runs at each voltage. Most often 
we held the field current constant for a given run, and 
varied the phase reading, phase angle, torque, volts, 
watts, and armature current. The readings were then 
corrected and reduced toa standard voltage and plotted. 

The characteristics obtained at 115 vols (and at 55 

volts adjusted to 115 volts) are shown in Fig. 3. The 
nose-shaped protuberance on the curves for reversed 
excitation is to be noted. The upper portion or 
unstable portion of the curves seems to have been 
obtained, however, no evidence of the curves forming 
loops is shown. 
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In an endeavor to obtain closed loops, tests were 
made at an impressed voltage of 20 volts. The results 
of these tests are shown in Fig. 4. The loops are now 
closed. The maximum torque occurred at 7 amperes 
in the field, and 40 amperes in the armature, and was 
2.13 lb. Fig. 4 is somewhat surprising, in that the 
loops are very long and narrow, and with practically 
straight sides. No evidence of a saturated condition 
is observed with large field currents. Dr. Steinmetz, 
in the place quoted, expressed a fear that saturation 
would affect the shape of the curves, which does not 
seem to be realized. 

The peculiarities in the shape of the characteristics 
here shown, may be attributed possibly to the following 
assumptions used by Dr. Steinmetz, and acknowledged 
by him to be inaccurate. ‘‘While the reactance of 
the line is practically constant, that of the motor is 
not but varies more or less with the saturation, de- 
creasing for higher values.” ‘‘Furthermore, this syn- 
chronous reactance usually is not a constant quantity, 
even at constant induced e. m. f., but varies with the 
position of the armature with regard to the field; that 
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is, varies with the current and its phase angle. While 
in most cases the synchronous reactance can be as- 
sumed constant, with sufficient approximation, some- 
times a more complete investigation is necessary, con- 
sisting in the resolution of the synchronous impedance 
into two components, in phase and in quadrature, 
respectively, with the field poles. Especially is this 
the case at low power factors.’”’ He here mentions the 
example of a synchronous motor remaining in step 
with light loads and reversed excitations as coming 
under this case, and which Fig. 3 verifies. 

We draw from the above data the following con- 
clusions: 

1. The unstable portions of the synchronous motor 
characteristics can be obtained by directly con- 
necting the motor to another rated at the same 
speed. 

2. The torque can be conveniently measured by the 
reaction method if the stator is swung from bearings 
and free to turn about the shaft. 
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3. Complete characteristics (closed curves) can 
be observed if the motor is tested at a greatly reduced 
voltage. The curves for one voltage are similar to those 
obtained at another except for scale. 

4, Anomalies in the shape of the characteristics 
have been observed at light loads, with small and with 
reversed field excitations. . 

5. Further tests to determine the amount of varia- 
tion in the synchronous impedance, with saturation, 
current, and phase angle, were thought desirable, in 
view of the anamolies observed, and the attributing of 
variations in shape from Fig. 1 to this quantity by 
Dr. Steinmetz. 


VARIATIONS IN THE IMPEDANCE OF A SYNCHRONOUS 
Motor AT SYNCHRONOUS SPEED 


A common method of measuring the synchronous 
impedance of a motor or generator is shown in Fig. 5. 
The voltage induced in the machine is measured with 
the switch S open, the motor being driven at synchro- 
nous speed, and separately excited. The current on 
short circuit is measured with the switch S closed, the 
field current being unchanged. The synchronous 
impedance is taken as the ratio of cause to effect, of 
open circuit voltage to short circuit current. The 
impedance obtained in this way is much too large. 
Since the armature reaction destroys the saturation of 
the machine, this test does not give the equivalent 
impedance at higher values of saturation. 


Another method of finding the synchronous imped- 
ance is shown in Fig. 6. The voltage with S open is 
called E’,, that with the switch closed, E,, the current 
being J. The impedance may be taken as the ratio 
of cause to effect, but the cause of current flow is the 
unbalanced voltage (EH, — E,). The impedance is 
Z = (EH, — E,)/I. This method is superior to that in 
Fig. 5, in that we have two controls, the field resistance 
and the choke coils. We are thus able to obtain the 
synchronous impedance at different saturations, and, if 
we desire, at different currents as well. This is the 
method on which the A. I. E. E. standard is based. 
This method gives no clue as to how the impedance 
varies with power factor, since the current is always at 
very low power factor. 


In order to determine the variation of synchronous 
impedance with current, saturation and power factor, 
three controls should be available, and these were 
available in the Westinghouse set, in the two field 
rheostats, and in the phase displacement hand wheel 
attached to the machine with the movable stator. 
The two machines were coupled together and driven 
by a d-e. motor at 1200 rev. per min., and connected as 
in Fig. 7. First both machines were excited equally, 
then the adjusting handwheel was turned until the 
voltmeter DE indicated no voltage, The angular 
position of the movable stator was then noted on a 
degree scale mounted on its frame. 

If either the phase position of the movable stator, 
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or the relative field excitations were changed, the volt- 
meter across the switch indicated a resultant voltage 
D E, which was taken as the cause of the flow of current 
resulting when the switch was closed. The reactions 
of this current equalized the fluxes in the two machines 
and the terminal voltage E’ when the switch S was 
closed was taken as the measure of the saturation. The 
- synchronous impedance was taken as the ratio of cause 
to effect, or Z = (DE/I). By unbalancing the volt- 
ages more and more different circulating currents could 
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be obtained. By increasing both fields together dif- 
ferent saturations could be obtained. By controlling 
the phase relation of the circulating voltage through 
the combined use of the hand wheel and the field 
rheostats, currents of any power factor could be cir- 
culated. The power factor was taken as the ratio of 
the wattmeter reading P to the product H J. When the 
voltage was unbalanced by field excitation only, 
(the stators being in phase) the resulting current had a 
very low power factor, 8-10 per cent. When the 


W3.9 

= 

= 

a 

a 

= 30 

s 

Ss 

22.5 

& vas Run 2 |99 Per cent Power tap ey en 
a0 5 10 15 20 25) 30 35 


ARMATURE AMPERES 


8—Syncuronous ImpeDANCE at Constant P, F. anp 
TERMINAL VOLTS, VARYING CURRENT 


Fig. 


voltages were unbalanced by the hand wheel only, the 
fields being equal, the resultant current had a very 
high power factor from 99-100 per cent. Six readings 
were taken for each point of data, the voltage H,, 
E, and D E, with S open and E, I and P with S closed. 

In the first two runs the terminal voltage on closed 
circuit EF was held constant at rated value 180 volts, 
but the voltages were unbalanced more and more, 
circulating different currents. In one run this was 
done by the field rheostats, the phase displacement 
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between the stators being zero, and resulting in an 
8 per cent power factor. In the other, this was done 
by the hand wheel, the machines being excited equally, 
resulting in a 100 per cent power factor. The results 
of these two runs are shown in Fig. 8. An increase of 
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impedance with current at low power factors is indi- 
cated. A considerably lower impedance is shown for 
100 per cent power factor than for low power factors. 
The impedance at 100 per cent power factor seemed to 
be independent of the current strength. Two points 
are shown, one on each curve for which vector diagrams 
are given in Fig. 9. One curious result shown in this 
figure is that the terminal voltage on closed circuit E 
is greater than the average of EH, and E, for low power 
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factors, but less than the vectorial average of H; and 
E, for high power factors. This indicates that our 
test gives simply an average impedance of the two 
machines. 

In the next two runs the power factor was again kept 
constant, but the saturation of the machines was 
varied. In the third run the two machines were kept 
at zero relative phase, the power factor was 10 per 
cent, and the circulating current was kept at rated 
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value on the name plate of the machine. In the fourth 
run the phase displacement of the machines was kept 
constant at 41 deg., and the power factor was 99 
per cent. The results of these two runs is given in 
Fig. 10. A decrease in impedance with saturation is 
indicated, as well as a lower impedance at 100 per cent 
than at low power factors. The decrease in the im- 
pedance with saturation at 100 per cent power factors 
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is believed to be a novel result. The ratio of impedance 
at normal voltage namely impedance at 100 per cent 
power factor to impedance at zero power factor is as 
2 as to 3. This ratio is considerably higher than that 
obtained by purely mathematical calculation as for 
example in Karapetoff’s ‘‘Magnetic Circuit’”’ pages 
150 and following. 

In the fifth run the saturation was fen constant at 
a terminal voltage of 180 volts, the circulating current 
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was kept constant at (2/3) of name plate rating, but 
the power factor was varied from 90 deg. lag to 90 
deg. leading current. The results are shown in Fig. 
11. A variation of very considerable amount with 
power factor is indicated. The saturation curves of 
the machine at no load, and full load zero power factor 
both leading and lagging are given in Fig. 12 as a matter 
of interest. 

The variation in synchronous reactance with satura- 
tion is satisfactorily allowed for in the magnetomotive 
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force method, and in the A. J. E. E. method of figuring 
synchronous machine performance as well. The Blon- 
del method of computing performance, explained by 
Professor Karapetoff in his “Magnetic Circuit’ pages 
150-157, provides a satisfactory method of allowing for 
the effects of saturation, and also power factor, with 
two exceptions. First, as noted above, impedances 
at 100 per cent power factor seem to be larger than those 
indicated by the ‘Magnetic Circuit.” Secondly, 
according to Professor Karapetoff, the impedance at 
100 per cent power factor, should be independent of 
of saturation. This is conclusively disproved by our 


experiments. 


We do not have any theory to propound that will 
harmonize the variations here noted, but we believe 
that the Blondel: method can be improved so as to 
allow for the effects of saturation with high power 
factor currents. Furthermore, we hope, that when such 
a theory is found it will completely explain the queer 
nose we have observed and recorded in our Fig. 3. 


Discussion 


QO. Graham; (communicated): To those whoarefamiliar with 
synchronous motor V curves in the normal working region only, 
the shape of the curves in their remote upper portions may seem 
to be of little importance. Yet they do form a fascinating study 
and they have a certain practical importance. 

A synchronous machine having negligible resistance in the 
armature winding and negligible saturation could be made to 
furnish armature current in proportion to its field current through 
an unlimited range. As soon as armature resistance is intro- 
duced this relation is changed and an upper limit for armature 
current is reached.. The curves then take the 2 Suane which the 
authors show in their Fig. 4. 
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In order to point out some of the interesting relations that 
exist I have calculated the curve of zero torque for the authors’ 
machine, having had access to the manufacturer’s records. This 
calculated curve along with the corresponding curves of induced 
voltage and angular position of the rotor are shown in Fig. 1. 
The corresponding branches of the three curves are shown by the 
arrows. The calculated curve agrees fairly well with the test 
curve shown in the paper. 

If we proceed from the point of zero armature current an in- 
crease in field current gives an increase in armature current until 
the point of maximum field current is reached. Here the dis- 
placement of the rotor is nearly 90 deg. A slight reduction of 
field current and an increase in displacement brings the armature 
current to a maximum as the displacement reaches 90 deg. At 
this point the power factor of the machine is unity and the re- 
sistance drop in the winding is just equal to the line voltage. A 


‘Feb. 1925 


further reduction in excitation accompanied by a greater phase 


displacement of the rotor reduced thé armature current again.. 


The next point of interest occurs where the induced voltage is 
zero. That is, the impedance drop in the winding is equal to the 
line voltage and the field and armature ampere turns across the 
air-gap are neutralized. From this point the curves proceed to 
the position of zero field current. To continue the increasing 
displacement of the rotor after zero field current is reached the 
excitation must be reversed. An increase of field in the reversed 
direction will then bring the armature current back to zero and 
the complete path will have been traversed. It will be noted 
that the rotor displacement has reached 180 deg. but since the 
excitation has been reversed a condition of stability exists. In 
0.625 
\ ae 


Fig. 2 


passing through the point of zero excitation it would have been 
satisfactory to consider the rotor as going through an instantane- 
ous shift in position of 180 deg. and the excitation as remaining 
positive. 

It is interesting to consider these curves from the standpoint 
of power input and output and thereby examine the region be- 
yond the point of maximum excitation. Under any condition 
the power input is divided between the I? R loss in the winding 
and the output which appears as torque at the shaft. For pure 
condenser operation, or zero torque, the input is entirely ab- 
sorbed as loss in the winding. The following conclusions may be 
drawn at once: 

1. For any torque curve, including the zero torque curve, 
the power factor is unity at the point of maximum armature 
eurrent. 

2. The maximum torque point occurs with an armature cur- 
rent which is half of the maximum current on the zero torque 
curve. The input is then equally divided between loss and 
output. 


————118= 


at 
a 
a 
+ 


Kie. 3 


3. For armature and field currents beyond the range shown by 
the curves the loss exceeds the electrical input and torque must 
be supplied to the shaft. The machine then becomes a generator 
loaded on its own windings. 

A study of the complete excitation characteristics of synchro- 
nous motors has proved worthwhile in connection with applica- 
tions requiring extremely low frequency operation. If the 
authors are inclined to make further experiments they might 
operate their machine at 25 cycles or even lower and thus have the 
equivalent of a higher resistance armature with its concomitant 
effects. 

The following design data on the authors’ machine may be of 
interest. 
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Stator: 
15 in. outside diameter, effective (punching is not circular.) 
10 in. inside diameter. 
5 in. axial length. 
72 slots. See Fig. 3 for dimensions. 
22 conductors per slot. Each conductor consisting of two 
0.57 in. diam. wires in parallel. 

Winding in three parallel groups, star-connected, for 220 volts. 

Throw of coils from slot No.1 to slot No.10 ora pitch of 9 slots. 

Single air-gap 0.094 in. 

Rotor: 

Six poles. See Fig. 2 for dimensions. 

Damper winding; 5 bars per pole, each 0.162 in. diam. copper. 

End ring 0.156 in. X 0.75 in. copper. 

Field winding: 185 turns per pole of 0.057 in. 0.081 in. 

copper ribbon. 

R. W. Wieseman: The unstable portion of the excitation 
curve or phase characteristic of a synchronous motor has never 
been obtained experimentally, so far as we know, and therefore 
the authors of this paper are to be commended for obtaining the . 
complete synchronous motor excitation curve. However, 
these curves are apparently more valuable from the academic 
standpoint than from the practical standpoint because a synchro- 
nous motor can not be operated in practise at the unstable part 
of its excitation characteristic. 

The authors state that in Fig. 4 no evidence of a saturated 
condition is observed in the excitation curves at large field cur- 
rents. I wish to point out that practically no saturation could 
exist in a machine which is operated at one-eleventh voltage and 
consequently one-eleventh of its normal magnetic fiux density. 
Saturation will only occur and affect the shape of the curves 
when the motor is operated near normal flux densities. No 
effects of saturation are noted in Fig. 3, which shows the excitation 
characteristics at one-half normal densities. 

In the description of the method of finding the synchronous 
impedance shown by Fig. 6, it is stated that this method gives no 
clue as to how the impedance will vary with power factor, and 
that to obtain this variation an arrangement shown by Fig. 7 is 
necessary. The variation of impedance with power factor can be 
obtained very easily with the arrangement shown by Fig. 6 if 
resistance is connected in series or in parallel with the inductance. 

This paper states that the synchronous impedance of a syn- 
chronous motor varies with the several conditions of load. It is 
easier and also more practical to consider the synchronous im- 
pedance made up of twocomponents: armatureleakage reactance 
and armature reaction. The armature resistance can be neg- 
lected. In a salient pole machine the armature reactance is 
maximum with unity power factor currents and minimum at 


' zero power factor, whereas the effect of armature reaction is 


minimum at unity power factor and maximum at zero power 
factor. Therefore, the manner in which the synchronous im- 
pedance varies depends.upon the inherent design of the ma- 
chine as well as the load conditions. 


V.Karapetoff (communicated): The authors deserve much 
eredit for having shown that the so-called unstable portions of 
load characteristics of a synchronous machine may be obtained 
experimentally, by coupling two machines mechanically at an 
adjustable angle. The instability is purely mechanical, and is 
due to the fact that in regular operation the machine (whether a 
generator or a motor) is allowed to change its torque angle with 
the load. When two synchronous machines are coupled me- 
chanically and also connected electrically, this angle is entirely 
under the observer’s control, and the stability is that of the set 
and not of the individual machines. While the practical applica- 
tion of the method is somewhat limited because two mechanically 
and adjustably coupled machines are but seldom available, 
the method should prove of interest in experimental studies of 
armature reaction and reactance, and in checking various pro- 
posed theories and performance diagrams of synchronous 
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machines. Just now, the stability limit in the generator range is 
of considerable practical importance in superpower plants in 
which the generator characteristics limit the amount of power 
which can be transmitted over a given line. Possibly, the range 
near and beyond the generator stability limit can also be con- 
veniently studied by means of twoadjustably coupled machines. 
Then, if the observed performance, on small machines checks with 
that predicted by theory, the designer may compute the power 
limit of his superpower generators with much more confidence. 

The value of the paper would be much enhanced if complete 
design data of the machines were available. It is to be hoped 
that the maker of the machines will be generous enough to con- 
tribute these data to this discussion, in order that the observed 
curves may be checked with theoretical diagrams. Perhaps 
with the theory of two reactions, when properly applied, the 
observed hump in Fig. 3 could be interpreted or predicted. In 
the range under consideration, the machine is unsaturated, and 
Blondel’s theory should apply with considerable accuracy. 

T am at a loss to understand the latter part of the paper, pur- 
. porting to analyze the effect of the current, saturation, and 
power factor upon the magnitude of synchronous impedance. 
The concept of synchronous reactance was introduced in the 
early days of a-c. engineering, and served its useful purpose in 
those days, but it is almost unbelievable that any one should now 
attempt to interpret the observed performance characteristics of a 
synchronous machine with salient poles in terms of a variable 
synchronous reactance. The authors should have separated the 
direct armature reaction from the leakage reactance, using the 
zero-power-factor load curve,* and then estimated the transverse 
armature reaction from the performance at unity power factor 
and the observed torque angle. This would have given them a 
rational basis for an interpretation of the other observed curves 
and for a judgement about the accuracy of the method of two 
armature reactions. Having instead bunched together all these 
heterogeneous factors into a physically irrational concept of 
“synchronous impedance,” they have reached conclusions apt to 
befog rather than to clear up the issue. 

Equally incomprehensible to me are their references to my 
“Magnetic Cireuit.”’ They speak of the observed ratio (2 to 3) 
of the synchronous impedance at unity power factor to that at 
zero power factor and state that it is considerably higher than 
that computed by me. My formulas and computations 
refer to the direct and transverse components of the armature 
reaction, and not to synchronous impedance, which latter 
I have used in my writings only in order to show its limita- 
tions and-inadequacy. My values could be checked with the 
experimental results only by computations involving the design 
constants of the machines, and there is nothing in the paper to 
indicate that the authors have used the design data in their con- 
clusions. The authors also ascribe to me the statement (without 
giving the page) that the impedance at 100 per cent power factor 
should be independent of saturation. Since I do not use the 
concept of synchronous impedance in the ‘‘Magnetie Cireuit”’ 
at all, it is not clear how and where I could have made such a 
statement. At unity power factor at the terminals, there is not 
an inconsiderable internal phase angle and a corresponding direct 
reaction. With higher saturation, the effect of this direct re- 
action upon the net flux is of course less. The transverse re- 
action and the leakage coefficient are also affected by the satura- 
tion of the pole tips, although these factors are difficult to take 
into account theoretically. 

Within the last six or seven years, Prof. Blondel has published 
in various French periodicals a number of excellent articles, 
further explaining and extending the application of his theory of 


2. Testing of alternators by means of two identical machines rigidly 
coupled at an angle was suggested by A. Blondel in 1892 and more fully 
described by him before the International Electrical Congressin St. Louis, 
1904; Trans. Vol. 1, p. 620. . . : 

3. V. Karapetoff, Experimental Electrical Engineering, Vol. I, Third 
edition, Chap. 20. 
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two armature reactions of the synchronous machine. In the 
light of these painstaking researches, the interpretation of the 
results by the authors is quite out of date. They could render 
real service to the profession if they would further experiment 
with the same machines, and use their results to build up, step by 
step,a consistent and accurate theoryof synchronous machines,and 
also critically check various modifications of the present theories. 
J.F.H.Douglas: We wish to concur in what Mr. Wieseman 
has said on saturation, and on the armature leakage reactance 
probably being larger at high power factors. We wish to thank 
Professor Karatpetoff for suggestions for future tests, and for 
bibliographic references. We find the comment and calculations 
of Mr. Graham of interest and his discussion of stability il- 
luminating. The design data furnished will be valuable. We 
wish to call attention to fact that Mr. Graham’s and Mr. 
Wieseman’s statements as to whether armature resistance is neg- 
ligible can be harmonized. The armature resistance is negligible 
at normal frequency and impressed voltage, if the motor is not 
greatly over excited it must be taken into account otherwise. 
We wish to express a doubt whether a simple load test using 
resistance as well as reactance, will give the synchronous react- 
ance. For illustration,in Fig. 1,if H,is measured at no load, one 
might think the synchronous reactance drop to be perpendicular 
to the current-and might get an erroneous value for the same. 
Fig.9 in our paper,indicates that the J X, drop isnot perpendicular 
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to the current in all cases. Professor Karapetoff’s remark is quite 
to the point here that considerably more experiment is needed. 

We are criticized by Professor Karapetoff for the use of syn- 
chronous impedance on various grounds. We consider the term 
too firmly entranced in the texts, and by implication in the 
A. I. E. E. rule for regulation, to be ignored. We consider it 
useful as a concept for the very fact that it gathers up a number of 
components. (1) In qualitative explanationsit affords a simple way 
of speaking of the effects of changing the excitation of a synehro- 
nous motor, or of putting a load uponit. (2) For approximate 
calculations it affords a quick method of computation. (38) 
When allowanceis made for the fact that at high power factors the 
measured impedance is less, (and the reason why is easily ex- 
plained), it affordsa simple basis for calculating period of hunting 
and synchronizing torque, and a simple basis for discussing the 
accuracy of the A. I. E. E. method for regulation at high power 
factors. 


Defined as the ratio of cause to effect, of antecedent to con- 
sequent, as voltage across as witch to current flowing after clos- 
ing it, it is in accord in reasoning with many of Professor Karape- 
toff’s own explanations. To term ita collection of heterogeneous 
factors is not quite just. The distortion of flux and the drop in 
voltage resulting from it has only one “‘genesis’’ or origin——the 
armaturem.m.f. We may, if we wish, divide the cause into 
components parallel to and perpendicular to the poles. We 
may divide the effect into components, those fluxes, and e. m. fs. 
strictly proportional to armature current and those which, owing 
to saturation, are not so proportional,—reactances, and reactions. 
This is a question of accuracy and convenience for the purposes 
in hand. 

Synchronous impedance is criticised as physically irrational. 
It is empirical, while the Blondel method is highly theoretical. 
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However, all theories contain irrational elements in the sense of 
items which are approximations of the physical reality. In this 
sense, the Blondel theory is also irrational. To mention one 
point, in the “Magnetic Circuit” it is assumed that armature 
leakage reactance is an absolute constant. This is the basis of 
the criticism that we should have worked up our datainacertain 
way, but if we had done that we would have come under Mr. 
Wieseman’s criticism,” in salient pole machines, the armature 
reactance is a maximum with unity power factor, and a mininum 
with zero power factor,’’ a statement, which we think may be 
correct. To mention another point, the coefficient of cross re- 
action or relation between the voltage induced to the current, is 
assumed as a constant. This relation is derived in Karapetoft’s 
Magnetic Circuit by the analogy of “‘fictitious poles,’ which 
show no saturation. 
brings home the point that all our theories are approximations. 
We have no objection to using the Blondel theory as a second 
approximation, until a better is found, but we think of synchro- 
nous impedance as a first approximation. 

That the Blondel theory does need improvement, we feel most 
strongly. Our data will not agree with Professor Karapetoff’s 
formulas. When we try to get synchronous impedance from 
his diagrams at 100 per cent power factor and at low saturations 
the result is less than that shown by our tests. The value taken 
off his diagrams is independent of saturation, contrary to our 
experiments. We did not mean to imply that he used or cal- 
eulated synchronous impedance himself. However, to be specific, 
we take the synchronous impedance at unity power factor to be 
approximately equal to 

Xa100) = Xa + (Ei /i) = Xa + (0.3 Komnv) 
the quantities appearing in part in his equation (84), page 156. 

The Fig. 4 herewith is Fig. 40 of page 150 of the Magnetic 
Circuit, drawn for 100 per cent power factor with three vectors 
added. The solid line O £, is the no-load voltage along the 
polar axis OC, the dotted line E ¢’ from equation (84) is drawn in 
its proper phase position, perpendicular to the current, and ter- 
minating on the line O E,. The dotted line joining e and £, is 
what we call, and what is usually called the synchronous impe- 
daneedrop. Thereis nothing in the Magnetic Circuit to indicate 
that EH,’ even has a position, but by reference to the equation 
after Eq. (186), namely, 

E,’ Sin (¢ + B) = # Sin (8) 
we see that the line EL,’ of our diagram does meet these conditions. 
In the above diagram J Z, is numerically very close tol X, + E/’. 

Numerically we note that X, may be taken from our Fig. 12 
as also may the direct reaction, given by Eq. (79) inthe Magnetic 
Circuit. We find from our Fig. 12 that the value of (Xa) is too 
small to measure. We attribute then the whole effect to reac- 
tion. We find that an armature current of 35 amperes in Fig. 
12 neutralizes a field current of 7 amperes. Comparing equations 
(79) and (84) in the Magnetic Circuit we note the constant in oneis 
40 per cent of that in the other, with V the slope of the saturation 
curve included. Wecompute the slope to be 31 volts per ampere. 
We compute Xsieo = 0.4(7/35) 31 = 2.5 ohms: 

When we refer to our Fig. 10 we see that this value is much too 
small when the machineis not saturated, and that the value of the 
reactance is nota constant, as indicated by the above interpreta- 
tion of the Theory in the Magnetic Circuit, but actually a variable 
affected by saturation of the machine. Fig. 4 shows clearly that 
the direct reaction can not be a major item being nearly horizon- 
tal but that the saturation of pole tips affects the transverse re- 
action. As Professor Karapetoff admits, this factor is difficult to 
take into account theoretically but the variation of values in 
Fig. 10 of our paper at unity power factor from 3.2 to 1.6 ohms 
indicates that the reluctance of the transverse flux path is ap- 
proximately doubled, by saturation. This change is so large 
that it is difficult to see how one can avoid the conclusion that the 
theory of transverse reaction needs considerable improvement. 

With the data now available from the manufacturers it would 
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be easy to follow the suggestion made to check the shape of the 
hump in our curves by the Blondel theory. The following eal- 
culation was made before this data was supplied, but checks so 
well in a general way, that on this point Professor Karapetoft 
may consider himself well vindicated. Let us assume that re- 
sistance may be neglected, and that we have only to consider two 
reactances X; for cross-magnetizing current, and Xq for direct 
reaction component of the current. This is a rather crude sim- 
plification of the Blondel theory that will hold fairly well with 
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small saturation. Fig. 5 gives the vector diagram. The im- 
pressed voltage is H, the induced voltage at no load H,, shows by 
its magnitude the field current, and by its phase the angle the 
pole has fallen behind. The current J may be resolved into 
components Jqg and J; in quadrature and in phase with the pole 
centers. By assumption Jg is caused by voltage component 
E, — E cos wW and is governed by Xq, while I; is due to EZ sin 
and is governed by X;. Thus 

I, = Esin(y)/Xi; Ia = (BoE cos(p)/Xa (1) & @) 
The ordinates Y of a set of V curves may be takenas the ratio the 
armature current to any current such as (£ if Xd) of hS BL OaSISe 
The abscissas may be taken as the ratio of field currents of induced 
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no-load volts E,/E. If we eall Kal Rs = K, I, the power, and 
Iqw the wattless components of the current, we have the following: 
I; = IoK sin (); Iq = Io(X — cos(y) (3) & (4) 
T =1/I2sin() ( (K — 1) eos(p) + X) (5) 
I» = Io (X eos (¢) — K + (K — 1) cos? p) (6) 
Dyas ae) : (Z) 

We assumed K = 2, 7 = 0.05, 0.02, 0.5, 1.0, 1.5, and 2.0; 
we assumed values of y = 2°, 5°, 10°, 20°, 30°, ....170°, and 
solved Eq. (5) for X. We then solved Eq. (6) for J, and Eq. (7) 
for J. We have plotted the values of: J thus computed against 
X in Fig. 6. These curves in the main agree with our experi- 
ments, and certainly bear out the contention that the Blondel 
theory applies quite accurately at low flux densities. 


Factors Affecting the Design of D-C. Motors 


for Locomotives 
BY RALPH E. FERRIS: 


Associate, A. I. E. E. 


Synopsis.—The designer of motors for locomotive service is 
confronted with at least two limitations; space and weight. For 
large locomotives, the second limitation may not be of prime im- 
portance. but the first must be constantly in the mind of the 
designer. 

The paper gives a comparison between different types of motor 
mounting as regards the amount of power which may be developed 
in the available space with direct current motors. The comparisons 
are largely qualitative but within reasonable limits are also quantita- 
tive. 


HE object of the following discussion is to develop 

T the proportions of d-c. motors in relation to the 

available space ketween wheels or side frames of 
locomotives. 


Two voltages only have been considered, viz., 3000 
and 1000 volts, this, not because other voltages, either 
higher or lower, are not possible or desirable, but simply 
to give a basis of comparison and eliminate the almost 
endless number of combinations. 


The results should be considered as largely qualita- 
tive, but it is believed that the effect of various factors 
will be shown and in a measure the results are also 
quantitative. Actual numerical values have been 
used in most cases with the full realization that excep- 
tions could be taken to these values for special cases, 
or perhaps even for average conditions, but an honest 
attempt has been made to place all results on a basis 
as nearly comparable as possible. The nominal, or 
one-hour rating, of motors has been used as the physical 
dimensions conform more nearly with this rating than 
with the continuous rating where the type of ventilation 
is a determining factor. 


The paper has been divided into three general 
sections: first 3000-volt. motors; second, 1000-volt 
motors; and third, discussion of curves and conclusions. 


3000-VoLT Motors 


For purposes of this paper the following classification 
has been chosen for the 3000-volt motors. It should 
be understood that the voltage given in the tables 
refers to the voltage across the commutator and not the 
voltage to ground which as before stated is in all cases 
either 3000 or 1000 volts. 

1. Axle-hung Gear Drive 

a. 750 Volts b. 1000 Volts cc. 
1. four-pole ay 
2. six-pole o. 


1500 Volts 
four-pole 1. four-pole 
six-pole 


1. Westinghouse: Electric & Mfg. Co., East Pittsburgh, Pa. 


Presented at the Midwinter Convention of the A. I. E. E., 
New York, N. Y., February 9-12, 1926. 


The available space between wheels or locomotive side frames is 
divided into two parts. One of these parts is made up of units 
which are assumed to be constant within the range considered, while 
the other part is made up of variables. Expressions for the variables 
are derived, generally in terms of armature diameter, and constants 
and variables are then combined into a complete expression for 
motor output. 

The voltage applied to ‘motor commutator, voltage-to-ground, 
number of poles, peripheral speed and track gage, as well as type 
of motor mounting are considered in the comparison. 


2. Frame-mounted, Quill and Gear Drive 

a. 750 Volts b. 1000 Volts cc. 1500 Volts 
1. four-pole 1. four-pole 1. four-pole 
2. six-pole 2. six-pole 

3. Frame-mounted, Gear and Side-Rod Drive 


a. 750 Volt bs «1000 Volts mienaeto0G 
1. four-pole 1. four-pole 1. four-pole 
2. six-pole 2. six-pole 2. six-pole 
3. eight-pole 3. eight-pole 
4. 10 pole 

4. Gearless 

a. 750 Volts b. 1000 Volts c. 1500 Volts 
1. two-pole 1. two-pole 1. two-pole 
2. four-pole 2. four-pole 2. four-pole 
3. six-pole 3. six-pole 


To illustrate the method of analysis, all the cases 
for the axle-hung motors, 1 a, 1 6, and 1c, are worked 
out in some detail, especially for the 750-volt four-pole 
motor. The first and second cases, under 4 b for the 
1000-volt, gearless motor, will also be given in more 
or less detail. Of the remainder, curves will be shown 
for all four cases under 3a and first case under 3 6, 
BC, 4 dG, and4 ¢: ; ; 


PROPORTION OF SPACE FOR 38000-VoLT MorTors, 
AXLE-MOUNTED 


The space between wheel flanges may be divided as 
follows: 


L, = Total space between wheels or between locomotive 
side frames 

L, = Length of commutator 

L, = Length of coil extension on ends not including cell 


extension. 
L, = Length of gear-face 
L = Length of armature core iron 
Lx = A constant which. is made up of the following 


items: 
1. Clearance between gear-case and wheel, front and 
LS Te OAS Ay Ey ele a a aye Tee Pee ee oe 2.00 in 
2. Gear-case walls and clearance to gear, wheel side, 
Pron and Pent. uniter her ae tina nee ee oe ile fs tibet 


ie bs 


Feb. 1925 


8. Gear-case walls and clearance to gear, motor side 


HADI APES KOTO DOE, coke 5 ods ce 5 ices Eel Oo Of ton eR 1.50 in 

4. Gear-case to end-housing, front and rear........ 0.75 in 

Peon wallssfront And TEA ses cociees os <5) 2.00 in 
6. Clearance between front-end housing and com- 

TENG LOT eb ey eres ett nay 3 Sire ni toe CR 0.75 in 

(MEO LCODAZG ONY TINE aici s sce oes nee owes 2.50 in 
8. Commutator groove and clearance between 

DEHGH AS Rene Ue e Ae) w byes PRS eh. 0.75 in 

Sa @ oll extension, both ends... Jciys .. so. 2 Teese 2.00 in 

10. Clearance between coil and rear-end housing..... 1.25 in 

Ao iat ies 1 te eet Nao ee a ai be ke 15.25 in. 


In order that the foregoing variables and constants 
may be understood, they are indicated in the diagram- 
matic long section shown in Fig. 1. 

It is realized that the constants as given may be open 
to question in any particular case, but it is believed they 
are not far from average conditions, and will at least 
give, as before stated, a basis for comparison. 


OUTPUT EQUATIONS 


It can be shown that the output of a motor may be 
expressed as follows: 
k-w. =CD°LS 
where 
C = Aso-called output constant 
D = Armature diameter 
IL = Length of armature iron 
S = Speed in rev. per min. 
Substituting values given in preceding section in 
equation (1), gives 
k-w. = (L,-— L.- L.— L, — Lr) DP CS 
But 


(1) 


(2) 


7 Dny kw. XoGs (3) 
Where C, is a constant depending on brush width, 
voltage, number of brush arms, and current density 
in brush. 

L, = kw. X€,+ C2 
feu C.D (5) 
Where C,, C, and C, are constants. The derivations 
of equations 3, 4 and 5, which are a means to an end, 
will be shown in more detail under the special case of 
the four-pole, 750-volts per commutator motor. 
Substituting equations 3, 4 and 5 in 2, and solving 
for kw. gives 


(4*) 


*Equation (4) is only approximate, 
more nearly correct. 


the following being 


kw. Te 
Ly = x Cn XxX t 


sX N;: 
where “P; = Diametral pitch of gear 
* S = speed of motor in rev. per min. 
N; = Number of teeth in pinion 


Cy = Constant depending on P; 
A value of C, which will give a fairly conservative gear-face 
width is as follows: 
Bye IPs 


or 5. G10, 
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es Oe, C.D ae Ly | 
Sia ai DSC C+ Cy (8) 
[eh wol aeeaier 
Then 
Peg a C,) ~ 


14+ BSC (C.+C,) 


In order to obtain a comparison, a constant periph- 
eral speed in feet per minute of C, is taken, in which 
case, 


for ou ee 2 


Seeeueeeeeeeeeeceyy 


Son 
CZ ZZLLLLLLL LLL 


Ly2Ly-Ly- Le Le- L 
ites Ml 


By substitution, a final expression for kw. in terms of 

Disas follows: 

3.82 C, DC (L,— C. D— C2) 
1+ 3.82 DC,C (C. + C,) 


kw y= (9) 


GENERAL DISCUSSION OF OUTPUT CONSTANT C 


Very often in engineering literature a so-called con- 
stant is not a constant at all but is merely a convenient 
way of combining a number of factors which are diffi- 
cult to evaluate. Such is the case with the output 
constant C. This constant C is affected by a number 
of factors, the principal being as follows: 

a. Slot-space factor. The slot-space factor is the 
ratio of cross-section of copper in slot to cross-section 
of slot, and therefore’ with a given wall thickness of 
insulation to ground, this factor varies as some direct 
function of the cross-section of copper in the slot. 
For a given voltage and peripheral speed, the diameter 
of armature will increase with increase of total copper 
cross-section, or stated inversely, the slot-space factor 
increases with increase of armature diameter. 

It can be shown that for a constant number of slots, 
the slot-space factor is given approximately by the 
following expression :? 


mines K,D— K,.D+K; 
K, D 
where f = Slot-space factor 
K,, K»2, K3 = constants 
b. Iron loss. For a given density in the teeth and 
core of the armature the iron loss will vary as some 


2. Effect of Insulation on Design by R. E. Ferris, ‘The 
Electric Journal,’ October, 1923. 
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direct function of thé speed. For a given peripheral 
speed, the iron loss per cubic inch of iron for a constant 
density and a constant number of poles will decrease 
with increase of armature diameter, or for constant 
iron loss per cubic inch, the density in teeth and core 
and therefore in the air-gap may be increased with in- 
crease of armature diameter. As the air-gap density 
is one of the factors which enters into the output-con- 
stant, it follows that this factor also causes the output- 
constant to increase with the armature diameter. 

c. Pole constant. The pole constant as defined in 
this paperis the ratio of total pole-face bore to periph- 
ery of armature core. It is, of course, evident that 
the larger the pole constant, the larger will be the 
output constant, other things being equal. 

In general, the space between main pole tips will 
remain approximately constant for a given number of 
poles within a reasonable range of armature diameters. 
With this assumption, therefore, if we let 


a@ = space between pole tips 
C, = pole constant 
D = armature diameter, 
then 
aD—a a 
OT rae aD 


This expression shows that the pole constant, and’ 


therefore the output constant, increases with armature 
diameter. 
d. Watts copper-loss per sq. in. of armature surface. 


This factor in the output constant is governed largely © 


by the method of heat dissipation and is not affected 


Ef 
© 


\ey 


VOSS 


>>> 
2 
ra 
ro, 


=x = 


materially by the armature diameter except as the 
‘armature diameter affects method of ventilation. 

In general, therefore, the output constant increases 
with increase of armature diameter. It is, of course, 
practically impossible to give an expression for the 
output-constant in terms of armature diameter, which 
will more than approximate the results for any given 
‘design. The following imperical expression, however, 


FERRIS: FACTORS AFFECTING THE DESIGN OF D-C. MOTORS 


Transactions A. I. E. E. 


is used as coming within the limits of accuracy of this 
article: 
C = K log (aD — b} 
Four-PoLE AXLE-HUNG Motor, 750 VOLTS PER 
‘COMMUTATOR 

The axle-hung type of mounting and drive are so 
common that little or no description is necessary. 
Briefly, one side of the motor is supported by either a 
nose or bar suspension on the truck transom, while the 


Fie. 3—Compiete Locomotive with AxiE-Huna Morors 


other side is supported directly on the axle, through 
axle caps and bearings. With this mounting, a certain 
percentage of the motor weight is carried directly on 
the axle with no intervening spring. ~ 

A cross section of this type of motor mounting is 
shown in’ Fig.*2, and a complete locomotive with axle- 
hung motors in Fig. 3. ‘ 

The output constant for a four-pole, 3000-volt, 750- 
volt-per-commutator motor may be expressed ‘imperi- 
cally by the following equation: 

C = log (0.385 D — 1.31) 7.65 x 10 (11) 

Length of commutator. The length of commutator, 
L., for 750 volts per commutator and four brush- 
holder arms, may be derived as follows: 


If 
I, = total amperes to armature 
E = volts at motor terminals 
f = efficiency 
1000 X kw. 
and, if, 
E = 750 
5 je es 
IT, = 1,52 kw. (13) 


The length of commutator neck cannot be expressed 
in terms of kilowatt unless the number of parallel 
circuits are taken into account; but as this introduces a 
further complication, such a factor will be omitted 
and the length of neck expressed as 

Neck = 0.0024 kw. (14) 


At 60 amperes per sq. in. in the brush and 5/8 in. 
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brush width, the expression for commutator face, 
including allowance for brush-stagger, is, 


Face = = 0.0203 kw. (15) 


I, 
120 X 0.625 
or L. = Neck + face = 0.0227 kw. 
Width of Gear-Face. 
of the gear-face 
L, = 0.0184 kw. + 3.5 (17) 
This, for the larger sized motors, will give a gear-face 


(16) 
As an imperical approximation 


pee Cell 
_y¥ Extension 


Fig. 4 


which is somewhat low, and for the smaller sizes, 
somewhat high. 

Coil Extension L.. In general, the armature slot- 
depth will vary as some function of the armature 


diameter. For the present discussion the following 
relation will be used: 

D, = 0.1D (18) 
where 


D, = Slot-depth 
Let 
P =¥ the arc of coil-pitch at diameter 
(D — 0.1 D) 
Then for a four-pole machine 


jes EOE 0.95 


(19) 
The factor 0.95 is introduced to take care of a slight 
amount of chording. 
Referring to Fig. 4, with slot-width W equal to 
tooth-width at one-half depth of slot and with the coil 


on the diamond part of the end portion equal to slot- - 


width, the sin of angle b, between iron and coil, will 
be, 


Sind = 7™D—O01D) =05 (21) 
2 
a (D— 0.1 D)- 
of an ba O00 6 
Therefore, referring to Fig. 4, (22) 
iris eC OUT E 
But 
P= 0335.) 
and 
La = 0.194.D (23) 


If turn at end of diamond part of coil is considered 
as six per cent of armature diameter and both ends 
of the winding are included, then 


L. = 0.448 D (24) 
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or 


TABLE OF CONSTANTS 
The following values are, therefore, either constants 
or assumed constants, at the one-hour rating for a four- 
pole 750-volts-per-commutator axle-mounted motor: 


C,. = 0.0226 
C, = 0.0134 
C, = 3.5 

C. = 0.448 

Le = 15.25 

Ly = 53.25 

Li, — 38 

C, = 3500 


Substituting equation No. 11 and constants given 
above in equation No. 9, 
(35.4 D — 0.46 D?) log (0.385 D — 1.31) 


kw. = “T+ 0.087 D log (0.385 D — 1.31) 


(25) 


Equation (25) gives the kw.-output of a four-pole 
750-volts-per-commutator motor with double gears. 
The case for single-end gears will not be considered, as 
the only difference would be more available space be- 
tween wheels for active material. In any case, as 
limitations are being considered, the motor sizes under 
consideration would, in general, have double gears. 

Curve A of Fig. 5, is the graph of equation (25), and 
shows the kw.-output plotted against the armature 
diameter for axle-mounted motors, 750-volts per 
commutator, at a constant peripheral speed of 3500 
ft. per min. 


350 >-— 
300 
— 
=, 
2s 
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2 25 [ 
wn 
ee 
= 
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150 A = 750 Volts per Commutator 
B = 1000 Volts per Commutator it 
= 1500 Volts per Commutator | 
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Fig. 5—Axue-Mowtuntep 3000-Voutt, Four-PoLtz Morors, 


3500 Fr. ppr Min. PeripHERAL SPEED 53.25 In. Track GaGE 


Effect of Track Gage. To show the effect of track- 
gage on maximum output, the following equation was 
derived from equation (25); assuming a constant arma- 
ture diameter of 30 in. and a constant peripheral speed 
of 3500 ft. per min.; 

kw. = 14.6 L; — 470 

Where L, is distance between wheel flanges. 

The graph of this straight line equation is shown in 
Fig. 6, and brings out strikingly the advantage to be 
gained by wide track gage. 

Variable Peripheral Speed. In order to show the 
effect of change in peripheral speed, the armature 


(26) 
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diameter was assumed a constant at 30 in. in which 
case, equation (27) was derived from the general 
equation to show this relation; 


0.186 C, 


kw. = 74 0.000318 C, 


(27) 


KILOWATTS OUTPUT 
ipe) 
oO 
3S 


35 40 45 50 55 60 
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Fig. 6—Axue-Mountep, 3000-Voutt, Four-Pote Moror, 
3500 Fr. per Min. PrripHeraL Sprep, 30 In. ARMATURE 
DIAMETER 


The graph of equation (27) is shown in Fig. 7. 
Depth of Field. It will be necessary at this point 
to digress somewhat from the specific consideration of 


KILOWATTS OUTPUT 
w 
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750 Vouts per Commutator, 30 In. ARMATURE DIAMETER, | 


53.25 In. Track GaGE 


the 750-volt-per-commutator motor, to the more 
general discussion of the field design. 

The amount of copper in the field-winding of a rail- 
way motor does not, in general, increase in direct pro- 
portion to the diameter of motor armature, mainly 
because the air-gap which absorbs a large share of the 
ampere-turns, is not increased in direct proportion to 
the motor diameter; for example, a 30-in. diameter 
armature would not, in general, have an air-gap twice 
the length of a 15-in. diameter armature. Further- 
more, the available space for field copper increases with 
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increase in armature diameter, assuming a constant 
depth of field, or, inversely, the depth of field may be 
less for a given amount of copper, the larger the diam- 
eter of armature. With the foregoing in mind, Figs. 
8 and 9 will be understood. Fig. 8 shows roughly the 
ampere-turns per pole in relation to armature diameter, 
and Fig. 9, the depth of motor from armature surface 
to outside of frame at the bottom. 

Wheel Diameter. From the curve shown in Fig. 9, 
and, assuming that the motor is raised above the center 
line of axle 114 in., and with clearance-to-rail of 41% in., 


14,000 
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AxtE-Mountep Motor 


the wheel-size is plotted against armature diameter in 
Fig. 10. 

Diameter of Gear. After the wheel diameter is 
determined, the pitch-line diameter of maximum size 
gear is approximately fixed, if a given clearance under 
the gear case is assumed. With 41% in. clearance from 
the pitch-line of gear to rail, the pitch-line diameter of 
gear is plotted against armature diameter in Fig. 11. 

For the size of motors under consideration, perhaps 
the minimum-size pinion would be 16 teeth 2 diametral 


DEPTH OF FIELD AND FRAME IN INCHES 


4 
12 16 20 24 28 32 36 
ARMATURE DIAMETER“D” IN INCHES 


Fig. 9—APPROXIMATE DeptH oF Firitp AND FRAME 


pitch, which would give a minimum pitch-line diameter 
of pinion of 8 in. 

With the diameter of gears and pinions given, by the 
foregoing assumptions the gear center distance of the 
motor is fixed, but this gear-center distance checks 
approximately with the gear-center distance derived 
from armature diameter, depth of field and frame, 
thickness of axle bearing and diameter of axle. 
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Minimum Miles per Hour. With a constant periph- 
eral speed, the rev. per min. of armature may be 
derived for each diameter, and this, with the maximum 
gear reduction as given above, gives the minimum 
mi. per hr. at the one-hour rating for any sized arma- 


WHEEL DIAMETER “D", IN INCHES 


ae ass 
16 20 24 28 32 36 
ARMATURE DIAMETER “D” IN INCHES 


Fie. 10—Axte-Mountep, Four-Pote Morors—WH#HEEL 
DIAMETER 


ture under the conditions assumed. This is shown in 
Fig. 12. 
FouR-PoLE AXLE-MOUNTED Moror, 
PER COMMUTATOR 
The constants included in Lx will be the same, for a 
3000-volt motor with 1000 volts across the commutator, 


1000 VoLTs 
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as for a similar motor with 750 volts on the commutator. 

The length of coil extension L., for the same armature 
diameter and the width gear-face L, for the same kw. 
output, will also be the same. The length of com- 
mutator L, and output-constant C, will, however, be 
different. 
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The length of commutator will be less, due to the 
smaller amount of current, with the higher voltage. 

The output constant for the smaller diameters will 
be less than for the 750-volt motor due, mainly, to the 
smaller slot-space factor, but for diameters over 26 in. 
there will be but little difference. 

Taking all the factors into consideration, an expres- 
sion similar to that given in equation (25) was derived. 
Curve B in Fig. 5 shows kw.-output plotted against 
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AND TRACTIVE HFFECT 


10 


armature diameter for the four-pole, 1000-volt-per- 
commutator motor. 

Curves for varying track-gage, or peripheral speed, 
are not shown, as the effect of these factors on the out- 
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Fie. 13—Axne-Mountep, 3000-Vout, Srx-Pote Mortors 
3500 Fr. per Mry. PeripHeran Sprep, 56.5 In. Track GAGE 


put is clearly displayed in the curves for the 750-volt 


_ motor. 


Four-PoLE AXLE-MouUNTED MortTor, 1500 VoLts 
. -PER COMMUTATOR 
The proportion of space for the 1500-volt motor as 
included in Lx will be the same as for the 750-and 1000- 
volt-per-commutator machine. 
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The length ot coil extension Z., and gear face L, 
will also be the same. 

The output constant C, and length of commutator L, 
will, however, be different than for either of the lower 
voltages. 

Taking these factors into account, an expression was 
derived, as in the preceding cases. Curve C of Fig. 5, 
shows relation of kw.-output to armature diameter for 
a 1500-volt-per-commutator, four-pole motor. 


Stx-PoLE AXLE-MOUNTED, 750 AND 1000 VOLTS-PER- 
COMMUTATOR MOTOR 


The proportions of space for the six-pole 750-and 
1000-volt axle-hung motors are the same as for the 


Fie. 14—Quiui-Tyere Drive 


four-pole. The length of commutator L,, and coil 
extension L., will, however, be different, due, in case of 
commutator length, to the larger number of brush- 
arms and, in the case of coil extension, to the shorter 
coil throw. 

Curve A of Fig. 18, shows the relation of kw.-output 
to armature diameter for a six-pole, axle-mounted, 
750-volt-per-commutator motor, while curve B, in the 
same figure, shows a similar relation for the 1000-volt- 
per-commutator motor. 


Fie. 15—Quiii-Tyrr or Drive anp Twin Motors Mountrp 
FRAME MOUNTING—QUILL DRIVE 


In the quill drive, the motor is mounted on the spring- 
born frame of the locomotive, and the main driving 
axle centered through a hollow quill. - The driving gear 
is mounted on the quill, this quill being held in definite 
relation to the motor and locomotive frame. The 
actual drive takes place between the gear and drive- 
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wheel by means of springs which permit the drive- 
wheel and axle to move in relation to the gear and 
motor. 

In general, it is found desirable to have somewhat 
more clearance between the wheel-flange and end- 
housing of motor in quill-mounting, than in axle- 


Fic. 16—Insipz-Hune FRAME 


mounting; otherwise the proportions of space are the 
same and, therefore, the curves of output will be ap- 
proximately the same as those for axle-mounting. 

The quill drive does, however, permit the use of a 
twin motor construction and thus, unless limited by 
the drive, gives twice the power per axle as with an 
axle-hung motor. 

Fig. 14 shows the quill type of drive while Fig. 15 
shows a locomotive with quill drive and twin motors 
mounted in place. 


Fia, 17—Insipr-HunG Frame Moror, Mountep ComPLetTEe 


FRAME-MOUNTING SIDE-ROD OR GEAR AND SIDE-Rop 
DRIVE 


In the case of frame-mounted motors, with side rod 
or gear and side-rod drive, the distance between the 
side frames of the locomotive L,, available for the 
motor, is not a definite quantity, but for the case of 
inside-hung frames, perhaps 44 in. will be a fair average 
for the size of locomotives under consideration. 


This type of motor mounting is shown in Fig. 16, 
while Fig. 17 shows the locomotive complete. 


If the motor is made self-contained, so that it may 
be lifted out of the locomotive frame complete, there 
will be less room available for active material than if 
the armature bearings are mounted in the side-frame of 
the locomotive and end-housings omitted except for 
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comparatively thin protective covers. For the latter 
case, the constant Lx will contain the following: 
1. Clearance between the frame and commutator V- 


ring. d mas 0.75 in 
2. icapasele on citation Si-rinieee eee ee 2s 50h 
3. Commutator groove and eleweane 2e «= between 

[SDI Cel se, © Shon p OTE ke DOE tone a ee 0.75 in 
4. Cell extension both ends.. Rae OO nT 
5. Clearance between coil tnd Tae nas rear. 1.25 in 
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A = Four-Pole Motor 
B = Six-Pole Motor 
C = Eight-Pole Motor 
D = Ten-Pole Motor 


In this case, space need not be allowed for gears and 
the output equation becomes: 
kw. = (L,-— L.— Le. — Lr) D?CS (28) 
From which with the proper substitutions and a periph- 
’ eral speed of C, 


_ 3.820, DC (Li — C.D) 
Dil - 3.82.C..C C.D 


Substituting the proper constants for a 750-volt, 
four-pole, frame-mounted motor, in equation No. 29, 


(37.6 D — .46 D?) log (.885 D — 1.31) 
1 + .0231 D log (.885 D — 1.31) 


The graph of equation (30) is given as curve A in 
Fig. 18. 

In a similar manner, expressions were derived for 
six, eight-and ten-pole, 750-volt motors, and the results 
shown in curves B, C and D of Fig. 18. Also, expres- 
sions for four-and six-pole motors, with. 1000-volts per 
commutator, were derived and the results shown in 
curves A and B of Fig. 19. 


GEARLESS MOTORS 3 
The gearless motor may be divided into two classes: 
1. Direct axle-mounting 
2. Quill-mounting 
Direct Axle-Mounting. In this case the armature is 
pressed directly on the driving axle, and therefore 
follows the motion of wheels and axle in both a vertical 


(29) 


(30) 
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and lateral direction. This, for all practical purposes, 
necessitates a bi-polar construction with the pole faces 
eccentric to the armature, thus permitting the move- 
ment of the core vertically in relation to the poles. 

With this type of motor design, it is desirable, from 
a mechanical standpoint, to have a comparatively 
large air-gap, also the pole constant C, will be relatively 
small; the latter, taken by itself, would mean a low 
output constant, but owing to the comparatively low 
rotational speed and the bi-polar construction, the 
frequency will, in general, be quite low, and, therefore, 
the air-gap, teeth, and core-flux density may be high 
without undue iron loss or heating, thus giving a higher 
output constant than would otherwise be the case. 

It is even more difficult to give an expression for the 
so-called output constants in terms of the armature 
diameter for the bi-polar type of construction than for 
the motor with a larger number of poles, but, by 
segregating the separate factors which go to make up 
the output constant, it is believed that no gross error 
has been introduced. 

The same nomenclature will be used for division of 
space between wheel flanges as was used on the axle- 
mounted, geared motor, but in this case, the constant Lx 
will be made up of the following items: 


1. Clearance between wheel and commutator V-ring.. 2.25 in. 
2. Creepage on commutator V-ring. . 2.50 in. 
3. Commutator groove and clearance aiaeer piaidie: 1.00 in. 
4. Cell extension both ends.. i fe, 2 OO: 
5. Clearance between wheel and rear of 2 ar mature. 2.25 in. 

Total Le 10.00 in. 
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The problem of output will be approached in a some- 
what different manner for the bi-polar gearless than 


for the proceeding type. 


It will be assumed that the clearance between arma- 
ture surface and rail is constant at 714 in., regardless of 
armature diameter, thus giving an armature diameter 
15 in. less than the diameter of wheel. 
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At 25 mi. per hr. which is used as a basis of compari- 
son, the peripheral speed of wheel is 2200 ft. per min. 
If 


R =rev. per min. of wheel and armature at 
25 mi. per hr. 
D,, = Wheel diameter in inches 
Then 
2200 x 12 += 8400 
i a 1a ee x Tv a7 iD} GY 
also 
C2 3.82 C, 
He ap aaa CD geal oy) 
where C, = Peripheral speed of armature in ft. per min.’ 


equating (31) and (32) and solving for C, 


s som De 
The construction of the bi-polar, gearless motor 
does not permit the use of commutating poles and the 
armature winding may, therefore, be chorded to the 
point where further chording would give a reduction in 
counter electromotive force, and increase the speed for 
a given flux per pole. This coupled with the wide inter- 
polar space, gives a wide commutating zone and per- 
mits the use of a wider brush than might otherwise be 
be used. The chording also shortens the armature- 
winding end-extension. 


(33) 
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For the case of 1000-volts-per-commutator, brush 
width of 0.75 in., 60 amperes per sq. in. in brush, and 
90 per cent efficiency at the one-hour rating. 

the commutator face = 0.0247 kw. 

neck = 0.0035 kw. 

or neck + face = 1); =.0,0282 kw. (34) 

Without giving details of derivation, the following 
expression for coil extension was used: 


L, = 0.6 (Dw — 15) (35) 


THE DESIGN OF D-C. MOTORS Transactions A. I. E. E. 


also the output constant within the range considered 
was given the following value 
C = log (1.45 D — 13.5) 3.43 x 10° (36) 
In order, therefore, to obtain an expression for kw.- 
output in terms of wheel-diameter for the bi-polar 
gearless motor equations (33) and (36) and the follow- 
ing values were substituted in equation (29): 


Dia Di a15 
LD, = AS.20 
Ci0.6 
Ge= 00282 
giving 
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(20.3 D.,? — .173 D,,? — 490 D,, + 3380) 
D., + (0.00813 D,,? — 0.244 D,, + 1.84) 


log (1.45 D,, — 35.8) 
log (1.45 D,, — 35.8) 


Curve B in Fig. 20 is the graph of equation (37). 

If, in place of varying the wheel diameter, the per- 
ipheral speed or, in other words, the mi. per hr., is 
taken as the variable and the wheel-diameter held 
constant at 44 in. the following equation gives the 
approximate kw.-output in terms. of peripheral speed 
of armature for a 1000-volt bi-polar, gearless motor: 


0.145 C, 
1 + 0.000156 C, 


Waa 


(37) 


kw. = (38) 
The curve shown in Fig. 22 is the graph of equation 
(38) except that mi. per hr. is used in place of periph- 
eral speed. ; 
Expressions for kw.-output, in terms of wheel- 
diameter for 750 and 1500 volts per commutator, were 


derived and the results are shown in curve form as 
A and C in Fig. 20. 


GEARLESS QUILL-MOUNTING 


With this type of motor, the armature is mounted on 
a hollow quill which surrounds the driving axle with 
sufficient clearance between the inside quill wall and 
axle to allow of maximum movement of wheels and 
axle in a vertical or horizontal direction. The quill 
is supported through quill bearings and end-housings 
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by the motor frame, which, in turn, is supported on the 
spring-borne locomotive frame. 

In the case of the gearless quill drive, the constant Lx 
will be divided as follows: 


1. Wheel flange to commutator V-ring.............. 8.00in. 
2. Creepage on commutator ae ahaa hee tects eee es OL) Lins 
3. Cell extension both ends.. 2.00 in. 
4. Rear end to wheel dongs ASN CT Rees eT 8.00 in. 

AND IE 2: mec PSR ale SR aan eee ee ee 20.50 in. 
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CoOMMUTATOR 

As was done in the case of the bi-polar, gearless 
motor, the clearance between the armature surface 
‘and rail will be considered constant. This, of course, 
is not strictly true, as, on this type of motor, room must 
be allowed for field coil and frame between armature 
surface and rail, as well as for the proper clearance. 
However, within the range considered, the assumption 
will be approximately correct. 

This distance between armature surface and rail will 
be assumed as 11 in., thus giving an armature diameter 
22 in. less than the diameter of wheel. 

From this point on, the same procedure was followed 
as for the bi-polar gearless, except for difference in 
number of poles, output constant, ete. 

Fig. 21 shows kw.-output plotted against wheel 
diameter for a four-pole, 1000-volt-per-commutator 
gearless quill mounted motor. 


1000-VoLT Motors 


Some explanation may be in order as to why a unit 
of 1000 volts was chosen as an illustration of the use of 
lower voltage in place of—for example—600 or 750 volts. 

In general, the designer of d-c.-traction motors is 
confronted with two difficulties,—not limits, but 
difficulties; that is, for 1500-volts-per-commutator 
motors, commutating difficulties are encountered, 
especially for two-circuit armature windings. On the 
other hand for 600-volts-per-commutator motors, the 
size of commutator becomes unduly large for a given 
number of poles. As a happy medium, theneiorenge 
unit of 1000 volts was chosen. 

It is realized, of course, that this is not a ene line 
voltage, but in making this choice, a higher line voltage 
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was presupposed, either a-c. or d-c., with some method 
of conversion to a lower voltage for use on the traction 
motors. e 
For the purpose of this paper, the following classi- 
fication has been chosen for the 1000-volt motors: 
1. Axle-hung Gear-Drive 


a. Four-poles 
b. Six-poles 
2. Frame-mounted, Quill and Gear Drive 
a. Four-poles 
b. Six-poles 
3. Frame-mounted, Gear and Side-Rod Drive 
a. Four-pole 
b. Six-pole 


c. Hight-pole 
4. Gearless 


a. Two-pole 
6. Four-pole 
c. Six-pole 


The analysis of this class of motor was made in 
much the same way as for the 3000-volt motor; there- 
fore, the giving of details would be a needlessrepetition. 

Two factors, however, should be mentioned; viz, 
the better slot-space factor for the 1000-volt motor, due 
to the use of less insulation, this giving a higher output 
constant, and the smaller creepage surfaces on the 
commutator V-ring and shorter cell-extension outside 
of the core. 

For the case of 1000-volt motors, therefore, the out- 
put-constant was expressed imperically as follows: 

C = log (0.82 D + 0.2) 8.2 x 10-5 
and Lx was made up of the same items as given for the 
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3000-volt, axle-mounted motor, except that the creep- 
age on the V-ring and the cell-extension for both ends 
were each given a value of one inch, giving -for the 
total 12.75 in. 

It will be noted that this value of Lx is 2.50 in. less 
for this voltage motor than for the 3000-volt, axle- 
mounted geared motor. This same reduction holds 
true also for the frame-mounted and gearless motors of 
this type. 

Expressions were derived for 1 a, and 16, 3 a and 
3 6, and 4a of the classification table. Curves a and 
6b of Fig. 23 give kw.-output in terms of armature 
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diameter for a 1000-volt, axle-mounted geared motor, 
four-pole and six-pole respectively. 

Curves a and 6 of Fig. 24 give kw-output in terms 
of armature diameter for a 1000-volt frame-mounted 
motor, four-pole and six-pole, respectively. 

Curve of Fig. 25 gives kw.-output in terms of wheel 
diameter for a 1000-volt, bi-polar, gearless motor. 


DISCUSSION OF CURVES AND CONCLUSIONS 


It will be noted that in the foregoing no mention has 
been made of commutation limits. This will actually 
prove the practical limiting factor in some cases, but 
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in general it may be met by refinements in design. 
However, the flashing and commutation character- 
istics of a d-c. motor limit the number of poles which 
may be used for a given armature diameter, and it is 
largely for this reason that the classification given at 
the opening of this paper was employed. 

The paper is not intended to include a discussion of 
types of locomotive-drive, but the application is so 
intimately allied with this much discussed problem 
that it must be touched on, at least incidentally. 

Reverting now to Fig. 5 which shows output in kw. 
for four-pole 750-, 1000- and 1500-volt motors, plotted 
against armature diameter, it will be noted that for the 
smaller diameters, the lower voltage make the better 
showing. However, as the diameters increase the 
higher voltage approaches and finally crosses the lower 
voltage curve. All three voltages reach a maximum 
output at between 32 in. and 36-in. diameter with very 
little gain after 32-in. diameter. 

It is evident, therefore, that there is a real limit to 
the amount of power which may be placed between the 
wheels with an axle-mounting, regardless of wheel size. 
Fortunately, this limit is sufficiently high to permit of a 
fairly heavy axle loading with speeds between 15 and 
20 mi. per hr. This, coupled with the simplicity of 
drive and ruggedness of motor construction, place the 
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combination well towards the front as a solution of the 
direct-current heavy traction problem. 

The curve of Fig. 6 shows strikingly the handicap 
of a 42 in. track-gage, or, on the other hand, the 
advantage of a 60-in. gage over the standard. 

With better methods of balancing, and a closer study 
of the stresses involved, advantage is being taken of 
higher peripheral speeds. The relative advantages to 
be gained by change in peripheral speed is shown in 
Fig. 7, where armature diameter is held constant and 
kw. plotted against peripheral speed. 

The curves of Fig. 13 for six-pole, axle-mounted 
motors as compared with those of Fig. 5, show the 
advantages of a larger number of poles for a given 
armature diameter and also show that it should be 
possible to place more power between the wheels with 
the larger number of poles. The point of maximum 
output, however, is not reached in this case under 40-in. 
armature diameter. 

The curves of Fig. 18 show the advantage of a larger 
number of poles in obtaining large output when faced 
by space limitations, and also show that the amount of 
power which the motor designer is able to produce is 
practically unlimited in the case of frame-mounted 
motors. 

The output for the bi-polar, gearless motor is shown 
in Figs. 20 and 22, and is also limited. This limit 
may, however, be determined more by the dead-weight 
per axle than by maximum output limit. It will be 
noted from Fig. 22 that this type of motor finds, per- 
haps, its best application in high-speed service, for, if 


240 


200 


ry 
a 
oO 


KILOWATTS OUTPUT 
x 
° 


oo 
Oo 


> 
ce 


20 30 40 50 60 70 80 
WHEEL DIAMETER “Dy IN INCHES 


Fic. 25—Gerartess 1000-Votr Bi-Potar Moror, 25 Mi. PER ~ 
; Hr., 53.25 In. Track GaGE 


the curve of Fig. 22 is compared with that of Fig. 7, it 
will be found that the output of the bi-polar motor 
increases much faster with a given increase in periph- 
eral speed than is the case with the four-pole axle- 
mounted motor. 

The curves of Fig. 23 for the 1000-volt motor should 
be compared with similar curves of Figs. 5 and 13 for 
the 3000-volt motor. The gain in maximum output 
is quite pronounced, approximately 20 per cent for the 
four-pole and 15 per cent for the six-pole motor. The 
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same advantage is also shown when comparing curves of 
Fig. 24 with those of Fig. 19 for frame-mounted motors. 

The curve of Fig. 25 for a 1000-volt, bi-polar gearless 
motor as compared with Curve B of Fig. 20 also shows 
the advantage of the lower voltage motor in so far as 
output is concerned. 

It would seem, therefore, that in so far, at least, as 
the driving motors are concerned, a very decided ad- 
vantage may be gained by the use of lower voltage,— 
say around 1000 volts. The method or methods of 
obtaining this voltage is beyond the scope of this paper, 
but we believe sufficient evidence has been presented 
to show that the direct current motor designer has 
something to offer in return for the lower applied 
voltage to the motor. 

In conclusion, it may be said that d-c.-motors may be 
built forany type oflocomotivedrive. The qualifications 
of the more common types are summed up, as follows: 
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1. Axle-mounted d-c.-motors may be built which 
have sufficient power to permit fairly heavy axle 
loadings, as shown by the curves. 


2. Quill drive d-c.-motors may be built, of which 
the power-per-axle will probably be limited by the 
method of transmitting power to the wheels rather than 
by the motors, themselves. 


3. D-c.-motors for side-rod or gear and side-rod 
drive may be built with practically any desired power. 


4, D-c.-gearless motors may be built which have 
sufficient power for comparatively light axle loadings, 
this light axle loading necessitating a larger number of 
axles for a given locomotive rating than would other- 
wise be used. 


5. A lower voltage motor has a definite advantage 
in possibilities of greater output for a given armature 
diameter. 


A Study of Direct-Current Corona 


in Various Gases 


BY F. W. LEE* 


Associate, A.I.E.E. 


Synopsis.—1. The critical corona intensities have been deter- 
mined for helium, hydrogen, oxygen, nitrogen, air, and carbon 
dioxide for pressures ranging from 2 to 760 mm. 


. h h 7 el tio = A + — 
2 in each case t é a nu 


was Jound to 
hold approximately for pressures above 4 cm. 

8. The values found for air agree well with those found by 
Whitehead and Isshiki from their investigation of alternating- 
current corona. 

4. No simple relation could be found giving the connection 


and 
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5. The influence of temperature on critical corona intensity 
was investigated for hydrogen, and found to consist merely of 
a change in 0, as was expected. 

6. It tis shown that the data obtained do not permit the explan- 
ation of corona as a process of tonization by collision, unless we 
make further assumptions. The nature of the assumptions neces- 
sary is not evident. 


1. INTRODUCTION 
HE law of formation of corona on wires is an 
T empirical relation which was first developed about 
15 years ago by Whitehead. The electric in- 
tensity at which corona forms on a circular wire coaxial 
with a circular cylinder is given by the relation 


E B 
le A+ ie ee where 6 is called the density 


3.92 P ; 
Rye: A and B are constants which 


factor;70 — 
depend on the kind of gas and on the polarity of the 
wire. FP is the pressure of the gas in centimeters of 
mercury. T is the absolute temperature, and r is the 
radius of the wire, in centimeters. 

The corona law was developed experimentally for 
alternating potentials by Whitehead, Peek and others. 
Whitehead,! was the first to determine both the exact 
influence of the radius of the wire and the constants. 
Peek,? considering the influence of temperature, first 
established the density factor 6. Farwell,’ and later 
Whitehead and Brown‘ determined the constants A 
and B for continuous potentials by changing r. White- 
head and Isshiki® found that for alternating-current 
corona there was a break in the linear relation between 


E and 


at a definite value of (6r). This value of 
(6 r) was found to be the same as the valueat which the 
straight lines for positive and for negative corona 
crossed. Whitehead and Isshiki also investigated the 
influence of temperature for alternating-current corona, 
while Whitehead and Lee did the same thing for direct- 
current corona, Whitehead! had previously shown that 
the moisture content of the air had no effect on the 
critical intensity. 

*“Of Johns Hopkins University, Baltimore, Md. 

1. For references see Bibliography. 
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from the laws of sparking between parallel plates, 
introducing the assumption that ionization by collision 
takes place out to a certain distance from the surface 
of the wire, where the electric intensity is constant. 
Even if we admit this assumption, Townsend’s analysis 
has no way of distinguishing between positive and 
negative corona, and it does not account for the 
departures found to exist for low values of (6 r). 


Davis and Breese® investigated the continuous 
corona in hydrogen. They found that whereas in air, 
for the higher values of (6 r), negative corona occurs at 
higher values than positive corona, the reverse was 
true for hydrogen. The purpose of the.present investi- 
gation was to determine the critical corona voltages 
for a number of different gases over a wide range of 
pressure, and to determine, if possible, what physical 
processes are involved in the formation of corona. 


E 
Townsend’ derived the relation ay ic hae A + 


2. DESCRIPTION OF APPARATUS 


The apparatus was similar to that used by Whitehead 
and Lee® and is shown in Fig.1. In preliminary experi- 
ments it was found that there was a small fluctuation 
in the continuous potential at the eorona tube, the 
amplitude of which varied with the frequency of the 
generator voltage. To eliminate this fluctuation, the 
capacity between the kenotron and the corona tube 
was increased to 0.1 microfarad, and an inductance of 
1483 henries was placed in the same circuit. Under 
these conditions the fluctuation was reduced to a 
negligible quantity in the range of frequencies used, 
(500 to 600 cycles). This is shown by the following 
table of observed corona voltages: 


Frequency Volts 

GO ei err ge i i Sica ke 133.0 
DSpace cc SR on Siete 135.0 
GOO mie ter hres cans peg 135.6 
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The voltage fluctuation to be expected was calculated 
from the formula given by Hull? to be about 0.5 per 
cent, without the large inductance. Oscillograms 
taken with the inductance in series showed no notice- 
able fluctuation. 

For convenience in manipulation the kenotron, to- 
gether with the filament battery, condensers, choke 
coils, and the multiplier resistance for the corona-volt- 
meter, was separated from the remainder of the ap- 
paratus and placed on a well-insulated wooden plat- 
form, directly above the transformer and the corona 
tube. 

The corona tube. The corona tube was the one used 
by Whitehead and Lee®. The main chamber was made 
from a piece of 6-in. steel piping, 19 in. long, carefully 
bored out in a lathe to receive the supports for the 
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concentric cylinders. The inner cylinder was of heavy 
brass, and had a number of small perforations. Its 
inside diameter was 3.75 in. = 9.52 cm. Two caps 
of bakelite in the form of crosses were machined to fit 
tightly around the ends of this cylinder, and the wire 
used in the corona measurements was stretched through 
small holes carefully centered: in the caps, and was 
held taut by lock-nuts. In this way it was possible 
to remove the wire without removing the lower end 
of the tube. 


8. CALIBRATION OF INSTRUMENTS AND ACCURACY 
OF MEASUREMENTS 


The voltmeters used to measure the corona voltage 
has been calibrated and found to be accurate within 
the error of observation. These limits were + 3 volts 
for the Siemens-Halske voltmeter and + 10 volts for 
the Weston (used only above 7000 volts). The limits 


LEE AND KURRELMEYER: A STUDY OF DIRECT-CURRENT CORONA 


185 


within which the corona voltage could be determined 
varied from + 5 to + 30 volts at the two ends of the 
range. At pressure 1-5 mm. the initial deflection was 
very large, ranging from 10 cm. to complete off-scale. 
For pressures ranging from 20 em. up to atmospheric 
pressure, and especially for positive corona, the initial 
deflection was only one mm. or less. Hence the ac- 
curacy of observing the critical voltage is less at the 
higher pressures; but the percentage accuracy is about 
the same, namely 0.5 per cent. 

Since it was necessary to use pressures both above 
and below atmospheric pressure, the manometer was 
of the open-tube type; a wooden meter-bar mounted 
between the two manometer columns served as a scale. 
The barometric pressure was taken to the nearest 
hundredth of a centimeter. Since the scale of the 
barometer was accurate at 0 deg. cent., a correction had 
to be applied to the observed barometric readings to 
reduce them to scale readings at 0 deg. cent. A similar 
correction was applied to the wooden meter-bar. The 
final accuracy of the pressure readings is considered to 
be about + 0.04 em. 

The galvyanometer used to detect the beginning of 
corona was made by Leeds and Northrup, and had a 
resistance of 10 ohms. Its current constant was 
determined with a standard shunt and milliameter. 
The mean of several determinations gave one cm. scale 
deflection = 2.8 x 10-8 amperes. A deflection of two 
millimeters or more was considered an indication of 
corona. 

4, MATERIALS 

a. Wires. Several different wires were made up 
from steel wire of diameter 0.0663 cm. The specimens 
chosen were free from kinks and surface irregularities, 
and were tested for variations in diameter with a 
micrometer caliper. They were then cut to the re- 
quired length, 25 cm., and were mounted in the tube 
between brass rods of about two millimeters diameter. 
The surface was polished with fine emery cloth and soft 
leather. It was found that the surface conditions of 
the wire were affected by the corona, and so a steel 
wire with a chemically deposited surface of copper was 
tried and found unsatisfactory. The wire used in 
most of the experiments was a steel wire on which a 
thin layer of gold had been deposited electrolytically. 
This wire was polished with jewelers’ rouge, and with 
soft leather. The surface so obtained was affected 
very little by chemical action in the corona. The data 
finally selected were taken partly with the gold wire, 
partly with the steel wire, and were always taken with 
a freshly polished wire. 

b. Gases. In every case the only purification of 
the gaseous material which was attempted was the 
removal of water vapor. This was effected by passing 
the gases through a series of tubes containing calcium 
chloride and phosphorous pentoxide. In the earlier 
experiments sulphuric acid was used as a drying agent, 
but was found unsatisfactory. 
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Hydrogen and oxygen were made electrolytically in 
the generator shown in Fig. 2. Various electrodes, 
current strengths and electrolytes were used, but no 
corresponding variations in the corona characteristics 
were detected. Hence the influence of any impurities 
depending as to their amount on the conditions of 
generation was considered negligible. 

Hydrogen, oxygen, nitrogen, C O, and helium, were 
obtained commercially. The hydrogen was made 
electrolytically, the oxygen and nitrogen by fraction- 
ation of liquid air. 

The air used was laboratory air passed through the 
drying train, which also contained provisions for 
removing the coarser motes and dust particles. 

The amounts of the impurities in the various gases 
were stated by the manufacturers to be as follows: 
hydrogen, nitrogen, oxygen, less than one per cent: 
C O., less than one-half per cent: helium, about five 
per cent nitrogen (estimated). 

Pressure changes were always extended over a period 
of time ranging from two to five minutes, depending 
on the amount of gas to be admitted. The time inter- 
val between cutting off the gas supply and reading the 
critical voltage was also several minutes. Since the 
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volume of gas admitted was small and the heat capac- 


ity of the corona tube very large, no initial temperature 
fluctuation of as much as 14 degree cent. was ever 
observed; and with the time allowance given, tempera- 
ture variations from point to point in the gas were 
certainly very much less than 0.5 deg. cent. In taking 
observations of the critical intensity, the heating effects 
due to corona were carefully avoided. The error 
introduced by temperature variations was always less 
than the other experimental errors. 


5. RESULTS 

a. Appearance of the Corona. With the wires used, 
all of which had a diameter of approximately 0.0665 
em., the appearance of light was simultaneous with 
the first galvanometer deflection due to ionization. 
This was true for all conditions of pressure and tem- 
perature within the range of these experiments, and 
for all the gases examined. . 

With the wire positively charged, the corona glow 
was uniform around and along the wire, and was con- 
fined to a region very close to its surface. The extent 
of this region did not vary with pressure or current 
density, except that above a certain voltage there was 
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a small brilliant intermittent discharge across from 
some point near the middle of the wire, to the tube. 
The rest of the wire retained its uniform glow. 

With the fire negatively charged, and a pressure of 
2-5 mm., the first corona deflection was sometimes 
jerky, and the corresponding flow was a faint flicker 
which was not restricted to any point or points, but 
was uniform along the wire. A slight increase in 
voltage brought out the steady continuous glow of 
negative corona. This was much more diffuse than 
the positive glow. A further increase of 50 to 100 
volts brought out the first famt beads. These were 
localized discharges on the wire, and were always fairly 
evenly spaced, especially at higher currents. They 
increased in number with pressure and current density, 
and also varied from one gas to another. At approxi- 
mately equal pressures and current densities the beads 
were most numerous in the gas for which the corona 
voltage was lowest. It was frequently observed that 
when the current density was increased, each new bead 
appeared approximately midway between two old 
ones. If the corona was run for a few minutes with the 
beads in any one position, marks were found on the 
surface of the wire, which looked as if they might be 
the result of local heating. The negative beads have 
been investigated in great detail by Farwell,’ Davis 
and Breese,’ and Crooker. Their results have been 
found to be confirmed, in general, for all the gases 
investigated. 

The color of the corona discharge was the same for 
the continuous negative and positive glow; whereas 
the beads were much more brilliant, and sometimes 
different in color. The glow was generally a pale red — 
or purple, the color depending on the gas used, but not 
on the pressure or current density. In helium the dis- 
charge was yellowish; and examination with a small 
grating showed the presence of a yellow line, probably 
5875. In hydrogen the glow was generally reddish, 
while in air and nitrogen the nitrogen bands pre- 
dominated. 

In all cases the critical voltage as well as the appear- 
ance of the corona glow was found to be independent 
of the material of the wire. 

b. Variation of corona current with E and P. The 
initial corona current was always much greater and 
much more sharply defined for low pressures than for 
high pressures, and was greater for negative than for 
positive corona. At low pressure, (1-8 mm.), the first 
corona deflection was always accompanied by a sharp 
drop in the voltage across the tube, due to the high 
rate of discharge of the condensers. 

Fig. 3 shows the variation of current with increasing 
and decreasing voltage, for various pressures and gases. 
The curves have the same general character in all 
gases, the negative curve being much steeper than the 
positive curve. The positive curve for decreasing 
voltage follows closely that for increasing voltage; in 
negative corona this is not the case. The negative 
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increasing curve has a double break, while the decreas- 
ing curve has only one, which is very well defined. The 
double break in the increasing curve may be due to a 
change in the sign of the space charge near the wire. 
The actual values of the total corona current can 
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only be estimated; they are of the order of 10-° ampere 
per cm. scale deflection. The heating effect of the 
corona current. was always negligible, because the 
current was never left on for a long time, No changes 
in pressure were to be expected from this cause. The 


LEE AND KURRELMEYER: A STUDY OF DIRECT-CURRENT CORONA 


the pressure graphically. 


187 


volume of the corona tube was much too large to give 
any evidence of the other types of pressure change 
found by Kunz and his co-workers”. 

c. Variation of critical intensity with temperature. 
Some preliminary experiments were made with hydro- 
gen at a temperature of 42 deg. cent. When the values 
of the critical voltage obtained in these experiments 
were reduced to room temperature (22.5 deg. cent). by 


: : 315 
applying the density factor 05.5” they agreed well 
with the values found in experiments at 22.5 deg. cent., 
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except for a few points in negative corona at very low 
pressures. Since the same result was found by Lee 
for air, no further experiments with higher tempera- 
tures were made. 

d. Variation of critical intensity with pressure. Figs. 
4 and 5 show the variation of critical intensity with 
It will be seen at once that 
the general shape of each type of curve is the same for 
all gases and for both polarities. 

The curves showing the relation of E' to P, (Figs. 4 
and 5), are not especially interesting theoretically, but 
they bring out several important facts. For all but 
the lowest pressures, P <1 cm., the values of the 


188 


critical intensities are in the same order as the values 
of the mean free path of a gas molecule in the different 
gases. For all gases, when P < 1 cm., positive corona 
occurs at higher voltages than negative corona. At 
the higher pressures this is still true for hydrogen, 
nitrogen, and carbon dioxide; but in helium, air, and 
oxygen a crossing takes place at intermediate pressures, 


PRESSURE IN CMS. 
7 


30 15 


Air— Positive Corona 


| xxxx Observed Values 
4444 Lee’s Values 
Brown’s Values 
Farwell’s Values 
Whitehead & 
~ Isshiki’s Values 


AAba 


so that the negative critical intensities become higher 
than the positive values. For P > 10 cms. the positive 
and negative curves for each gas are approximately 
parallel. 

Fig. 5 shows, on a large scale, the E-P curves at low 
pressures in oxygen, nitrogen, and air. At the lowest 
pressures the air curves coincide with the nitrogen 
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curves. The positive curve for air remains inter- - 


mediate between N..* andO.*, which might beexpected; 
whereas the negative air curve becomes higher than 
the negative curve for either oxygen or nitrogen; 
which is difficult to understand. 

The curves which are most interesting historically 
and theoretically are those which express the relation 
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i ; : 
of 5 to VP The law of corona formation which 
was established empirically by the work of Whitehead* 
and Peek? on air, states that this relation is a linear one: 


3:92" Peni 
Jor tata 


This question has been confirmed experimentally by 
Farwell’, Whitehead and Brown,’ and others for varia- 
tions in r. A number of investigators has confirmed 
the law for variations in P, while Lee has recently 
confirmed it for variations in T. All this work was 
done on air. Davis and Breese conclude that the law 
is approximately true for hydrogen, departures occur- 
ring for low values of P and r. 
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' Figs. 6 and 7 show how the values obtained in the 
present investigation compare with those obtained by 
Whitehead and Lee,* Whitehead and Brown,‘ White- 
head and Isshiki,* and Farwell. The agreement with 
the values obtained by Whitehead and Isshiki is 
especially good, in view of the fact that 30 cm. was 
both the lower limit of their range of pressure and the 
upper limit of the range of this investigation. 


: : E 
Figs. 8-13 show the relation between ~p and = 
plotted on logarithmic coordinate paper. In this way 


; E 
any power function pee 6 ( appears as a 


1 y; 
VP} 
straight line whose slope is n. An inspection of the 
curves shows that they all have two regions of small 
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curvature, one at the lower pressures, where the slope 
is very near tan 60 deg., or \/ 3, and one at the higher 
pressures, where the slope is near tan 45 deg., or 1. 
(However, for still higher and still lower pressures, the 
slope passes beyond these values in some cases.) 
This means that there is a considerable range of pres- 


E a 
sures where the relation between —;- and —= is very 
Re wd 
nearly linear; this happens to be the range covered by 
previous investigations. 
All attempts to find a simple formula expressing 
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pressures have been unsuccessful. The most satis- 
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factory formula seems to be e€ a Sms where A and 
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B are constants. The agreement is not close enough, 


however, to warrant a calculation of the values of A 
and B for the different gases. 


Th lati we 
e relation P 


5 
; aes 
3 1 


1 
= if p> ) is of theoretical in- 


| | | 
| | | 


Oxygen! | 


Ef x10° 


1 Tee! ee an ates! ieee SEES 


YAP x10 
Fie. 11 
terest because of the physical significance of ?>- This 


quantity is proportional to the energy which an ion 
would acquire in traversing its mean free path at 
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pressure P in a field of intensity EH. If it is assumed 
that corona is a process of ionization by collision, 


PB 


molecule. 


represents the energy required to ionize a gas 


This energy has been shown to be constant 
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at very low pressures; whereas within the range of this 


investigation a is a function of the pressure. There 
are several possible explanations: 1. The corona pro- 
cess may not be one of ionization by collision. 2. 
The ionizing potential of a gas molecule may vary with 
the pressure. 38. The mean free path of the ionizing 
agent may not be a function of P only. 4. The E of 
the theoretical formula may not be equal to the actual 
electric intensity at the surface of the wire. 5. The 
ion in question may not acquire its maximum energy 
in the region of maximum intensity. These possible 
explanations will be considered in order: 

1. The fact that the appearance of a glow in the 
gas is simultaneous with the first corona current, is 
strong evidence that corona is an ionization process. 
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2. At very low pressures the ionization energy of a 
gas molecule is known to be independent of the pres- 
sure. The present conceptions of atomic structure 
demand that this be true at all pressures. 

3. For the case when the ionizing agent is an elec- 
tron, the mean free path is almost certainly dependent 
on E as well as on P, so that this factor must be taken 
into consideration. 

4, When there is an appreciable excess of ions of 
one sign over those of the opposite sign, the potential 
gradient at any point in space will differ from the 
theoretical value because of space charge effects. Be- 
fore corona begins, the space charge is merely the 
residual ionization, and the effect is probably insignifi- 
cant, so that it will not serve to explain the variation 
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of 5 with P. After the corona current is estab- 
lished, however, such an effect will certainly be present, 
and its amount will depend on the polarity of the wire. 
When this is negative, the predominating space charge 


‘may be negative at first; but eventually, on account of 


the great difference in the velocities of electrons and 
positive ions, there will be an accumulation of positive 
ions; which means that after a period of comparatively 
slow rise, the potential gradient at the wire will sud- 
denly begin to increase very rapidly, with a corre- 
sponding increase in current, until the discharge becomes 
arc-like. With the positive wire the effect will be 
much smaller, and may amount to a decrease in 
potential gradient at the surface. This explains, at 
least qualitatively, the shape of the current curves. 

5. K. T. Compton has shown that electrons 
moving from a negative wire out to a positive cylinder 


acquire their maximum energy ie at. a pomt 7 == 


in the space between the electrodes. ‘x depends upon 
E, P and the dimensions of the wire and the cylinder. 
a = kf” p, where k is a constant characteristic of the 
gas, f represents the average fraction of the average 
energy lost in any collision. E, is the theoretical 
electric intensity at the surface of the cylinder r = x. 
The case when the wire is positive was not considered 
by Compton; but a simple calculation shows that the 
electrons attain their maximum energy at the surface 
of the wire. The maximum energy is still given by 


E 
se where x = ¢,,, the radius of the wire; so that the 


electrons acquire greater energy when the wire is 
positive; conversely positive ions attain their greatest 
maximum energy (at the surface of the wire) when the 
latter is negative. No matter which we assume to be 
the ionizing agent, it is necessary to assume a variation 
of f with electric intensity; in order to give the right 
effect, f must increase with decreasing FE. This is to 
be expected from the definition of f. This probably 
involves a departure from theory in the values of the 
mean free path. Thus the effects considered in 
Sections 3 and 5 may be used qualitatively to explain 


E 
the relation of 3% vs ie ae 


E 1 
The curves of ?P> against VP for + and — corona 


approach each other very closely at the higher pres- 
sures, but diverge more and more when the pressure 
decreases. This is explained by the equations and 
curves of Comption (l.c. p. 342). The point x at 
which the ion when going out from the wire attains its 
maximum energy, approaches the surface of the wire 
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E. 
as the pressure increases; therefore ars approaches 


@ . ° . * 
ql es the maximum energies of positive and nega- 


tive corona become more nearly equal as the pressure 
increases. Thisis true no matter which type of ion we 
assume to be the effective ionizing agent. 

The mechanism of the corona has been assumed to 
be a process of ionization by collision. From the 
general similarity of the positive and negative curves 
it may be assumed that the mechanism is the same, 
or at least very similar, for both polarities. Positive 
glow appears exclusively at the surface of the wire, 
while negative glow extends considerable distances out 
into the body of the gas. This points to ionization by 
electrons. Unfortunately, this assumption leads us to 
the conclusion (from section 5) that positive corona 
should appear at lower surface intensities; which in the 
majority of cases is not true. The maximum energies 
calculated from Compton’s formulas are about 100 
times the ionization potentials of the negative gases. 
Similar difficulties arise if we assume that positive ions 
are the ionizing agent. It is hard to see how this can 
be possible, because the energy of the electrons present 
must be greater than that of the positive ions. Neither 
assumption can be made to explain the crossing of the 
two curves in air, oxygen, and helium, without some 
auxiliary assumptions; and of what nature these as- 
sumptions would have to be in order to explain the 
observed effects, is an open question. 

In this discussion, nothing has been said about the 
possible role of the photoelectric effect in the corona, 
because visible glow was always found to be simul- 
taneous with the beginning of ionization. Whitehead! 
has shown that there is ultra-violet light present in the 
corona glow at all stages. It might be supposed that 
before ionization, ultra-violet light is emitted by excited 
atoms. This might cause photoelectric emission of 
electrons from the metal surfaces, thus causing the 
corona deflections. 


There are two possible ways of determining whether 
photoelectric action is the cause of corona; (a) to study 
photographically the intensity variation of the ultra- 
violet light emitted in various stages of the corona. 
(This is not a conclusive test, because the time inter- 
val between the emission of the first traces of light and 
the beginning of ‘‘corona’” might be very small.) (b) 
To bring the critical intensity up to a point just below 
the critical value, and illuminate the tube with a strong 
source of ultra-violet light. 

The test (b) was tried in air at atmospheric pressure 
for both polarities. The source of ultra-violet light, 
an iron arc, was held a few inches from the open end of 
the tube. The voltage was raised successively to 
within 200, 50 and 20 volts of the critical voltage, (about 
12,000-volts). In each case no effect was produced by 
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starting the are. As there should have been abundant 
photoelectric emission at the brass cylinder, this sug- 
gests that the emission of ultra-violet light is a conse- 
quence and not a cause of corona. Whitehead! using 
x-rays as the ionizing agent also found that artificial 
ionization produced no change in the critical intensity. 

Nevertheless, a spectroscopic investigation of the 
different stages of the corona glow might prove valuable. 
This might be conducted in two different ways: (a) 
by determining whether the different spectral lines 
appear in any definite order as the voltage is raised up 
to and beyond the critical value; and (b) by investi- 
gating the Stark effect at different points in space in the 
corona tube. The effect of a longitudinal magnetic 
field upon the critical intensity is also under investi- 
gation. The effect to be expected is a change in the 
speeds of the ions due to the spiraling around the wire, 
as in the case of the “magnetron” described by Hull." 
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Discussion 


J. B. Whitehead: In the first studies of corona that were 
made in our laboratory, one of the questions that came up was 
whether or not the separate constituents of air played any part in 
the determination of the laws by which the corona was formed. 
And the original question which Dr. Lee started out to investi- 
gate was whether the oxygen of the air or the nitrogen of the air 
would show any remarkably different properties as regards 
breakdown. 

For the engineer there are, then, two matters in this paper 
which I think are of immediate interest. The first is the answer 
to the question that I have already indicated, namely: that the 
properties of oxygen and nitrogen are not markedly different as 
regards the formation of corona. If they had been different, it 
would have been very easy to imagine conditions under which 
advantage might have been taken of any such differences. 
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The other matter has to do with the values of voltage at which 
corona forms around wires in the range in which we use high- 
voltage conductors; that is to say, pressures that are not greatly 
different from atmospherie pressure. 

A matter of interest to me direetly is the fact that Dr. Lee and 
Mr. Kurrelmeyer have linked up the behavior of the several 
gases investigated at low pressures with that at high pressures. 
Those who remember my corona-voltmeter paper will recall that 
there the pressure was carried down to about 30 em. only. We 
stopped at 30 em. I think largely because it became increasingly 
difficult to make the corona tube tight at lower pressures. - Dr. 
Lee has picked up the air curve below 30 em. and earried it on 
well down below 1 em. He has found that his curves link up with 
those brought out by Mr. Isshiki and myself, but he shows also 
that the empirical law which we show for the corona-voltmeter 
does not hold in his low pressures, that is, in the range of very low 
pressures. 

Turning to the physical discussions in the paper, Dr. Lee 
has indicated the main results of their investigation. I regard it 
as a very distinct contribution to the field of physical investiga- 
tion in the matter of the ionization of gases. The authors have 
shown very clearly indeed the difficulties of coordinating their 
results with the only important theory we have, namely: the 
theory of ionization by ecollision. And I feel quite sure that this 
paper will suggest to a number of physicists who are interested 
in the phenomena of the ionization of gases, the importance of 
carrying further the study of these interesting questions. 

F. W. Peek, Jr.: In establishing the visual corona relation for 
variation of radius of wire, temperature and pressure, my ex- 
periments were carried down to fairly low pressures. The rela- 
tion holds very well down to5em. This means, of course, that 
the fransmission-line range is more than covered by the 
equation. 
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For a given conductor the visual corona gradient decreases 
with decreasing pressure until a minimum gradient is reached. 
The gradient then increases with decreasing pressure. At the 
very low pressures the molecular separation may be fairly large 
compared to the diameter of the outer tube. A different phe- 
nomena thus occurs and the above relation could not be expected 
to hold. 

The interesting part-of the paper is that a number of different 
gases have been investigated. So far the data are limited in 
that the authors have only used one size of conductor. I hope 
that the investigation will be carried over a greater pressure range 
and that different sizes of conductors will be investigated. 


Nore. See also discussion of this subject by Joseph Slepian, 
page 202. 
F. W. Lee: I can say only this in regard to Dr. Slepian’s 


discussion: that so far as using the value # over P as an indica- 
tion of the energy given in the mean free path of a gas electron is 
concerned, that was given only with the idea that the values so 
used came within the range of magnitude that had been worked 
out at pressures very, very low, such as are used in vacuum tubes. 
In other words, the phenomenon that we are observing is that 
the observed results checked in the order of magnitude, although 
not within the absolute value. The agitation velocity under a 
charged field, where the transfer of energy goes, you might say, 
from the very great velocity of the electron and imparts the 
velocity to the molecules, will give other mean free paths and 
other distributions of velocity from those given with gas under 
normal conditions, which I used as the indication of the results in 
the beginning of the paper. 

With regard to Mr. Peek’s remarks, I will say that the work is 
being extended as fast as we can extend it, with the limiting 
conditions under which we are working and with the material 
available. ; 


Dielectric Properties of Fibrous Insulation 


As Affected by Repeated Voltage Application 
BY F. M. CLARK? 


Associate, A. I. E. E. 


Synopsis.—It is believed by many that the most plausible 
explanation of fibrous insulation failure is the pyro-electric theory. 
Under this theory as elaborated by Steinmetz, Wagner and 
others, insulation under stress is heated by the transformation of 
electric energy to thermal energy. Insulations are considered as of 
the nature of poor conductors and subject to the same characteristics. 
The transformation of electric to thermal emergy is therefore de- 
pendent wpon the inherent electrical and thermal conducting prop- 
erties of the material. This transformation proceeds at a rate 
proportional to the stress applied, until such a voliage value is 
reached where the heat is generated in the insulation at a rate faster 
than it is dissipated to the surrounding medium. Further increase 
in voltage leads to a rapidly mounting temperature with ultimate 
insulation failure. A strict interpretation of this theory would indi- 
cate that insulation failure is a matter of the insulation resistance— 
temperature relation. Therefore, as the heat stored in a dielectric 
during stress is allowed to dissipate, care bevng taken to prevent 
injury from the testing electrodes, etc., the orignial properties of the 
material should be restored. This has been found to be true only 
to a limited extent. 

The present paper deals largely with the effect of relatively 
high-voliage applications on sheet insulation tested between parallel 
plate electrodes. It is shown that the question of the mechanism 
of insulation failure can be separated into two parts. First, failure 
caused by short-time voliage applications as determined by rapidly 
applied tests, and secondly, failure of. insulation under longer 
periods of stress as determined by the minute or endurance test 
methods. 

Peek has found that voliages greatly in excess of the “rapidly 
applied’’ 60-cycle puncture voltage may be applied to the insulation 
without rupture, if the time of application be sufficiently short. 
All such over voltages injure the insulation, ‘“‘probably by a mechan- 
ical tearing and the effect is cumulative.” In these erperiments of 
short duration, the problem of heat storage in the insulation is 
eliminated. 


OBJECT 


T has generally been assumed that when a fibrous 
insulation is subjected to a potential stress, unless 
the critical point is reached and exceeded (that is, 

the point where the resistance suddenly decreases 
thus allowing the current to run away), the structure 
of the insulation although temporarily weakened 
dielectrically, is not permanently damaged and will 
recover if given a sufficient rest period. Some tests 
made in a preliminary way indicated that the above 
assumption was not correct. An extended study of 
the effect of repeated application of voltage on the 
dielectric strength of fibrous insulations has proven 
the validity of these preliminary experiments. 

Up to the present time the tests have been confined 
to 60-cycle voltages and with the materials at room 
temperatures. Further work is being carried on in 
this field of research covering the effect of intermit- 
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Raynor has found that the rapidly applied strength of insulation 
is greatly lowered by the previous application of a high voltage. 
This decrease in strength, however, is lost, given sufficient rest period 
between the initial and final voltage application. These results are 
substantiated in the work of the present paper. The length of rest 
period is shown to be proportional to the initial test voltage 
applied. 

For tests of long duration, the work of this paper has been divided 
into two parts,—those voltages producing failure with an arbitarry 
time limit (15 minutes) and those voltages which are able to be applied 
for an indefinite time without a puncture. According to the pyro- 
electric theory, the first class deals with those voltages of such value 
as to produce a slowly mounting temperature rise in the insulation 
which ultimately reaches a value leading to rapidly decreasing insu- 
lation resistance and total loss of dielectric strength. The second 
class includes those voliages of such value that the rate of trans- 
formation of electric to thermal energy is equaled by the rate of dissi- 
pation uj the heat so formed; thus preventing heat siorage in the 
insulation. According to the thermal :heory of breakdown, neither 
of these voltages should produce permaneni injury to the dielectric,— 
the first, if removed before the stage indicating rapid loss of insulation 
resistance is reached, and the second. even if applied indefinitely. 
The present paper shows that the application of voltages of either of 
the above types leads to deterioration in dielectric strength of fibrous 
insulation, even aside from such effects that might be traced to corona 
or mechanical injury to ihe material. The effect for voltages of the 
first class is cumulative and expressed by the formula R XK T = K 
where R = number of repetitions of voltages, T the time of each 
voltage application, and K the time needed to puncture for the same 
voltage continuously applied. The application of this formula to 
various insulations, its limitations, eic., are discussed. 

The work detailed herein concerns the application of a-c. volt- 
ages at room temperature. The investigation is being exctended to 
cover both low and high a-c. and d-c. voltages at and above room 
temperatures. 


tently applied stress under various conditions using 
d-c. as well as a-c. voltages. 


CONCLUSIONS AND RESULTS 


The work done under the above stated conditions 
shows that the breakdown point is generally decreased 
by a previously applied voltage, this effect being 
greater as the actual point of failure is approached 
during the previous test. The exception to the case 
occurs with rapidly applied tests after a rest period 
following a previous voltage application. In this 
instance. the material breaks down at approximately 
the same value with or without the previous applica- 
tion of stress. 


However, the intermittent application of a voltage 
of such a value as will cause breakdown within 
15 minutes, if continuously applied, results in a 
progressive weakening in the strength of unvarnished 
oil treated fibrous material, the effect being roughly 
additive. 


With the application of a very low voltage producing 
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no puncture for indefinite time, a deterioration in the 
strength of oil treated paper has been observed. ‘This 
in part, however, is able to be traced to a change 
accompanying oil immersion over long periods. 

For varnished insulation, the repeated application 
of voltage leads to increased long time strength, 
probably due to a further drying out process taking 
place under the influence of the applied stress. 

With mica or with fibrous materials heated in oil 
between voltage applications, the effect of intermit- 
tently applied stress is diminished and an increase in 
dielectric life is observed. 

For low-voltage application, no permanent change 
in percentage power factor determination for oil 
treated fibrous materials has been noted. With high 
voltages, the per cent power factor values are 
extremely erratic, but in general show an increase up 
to the point of failure. 


DISCUSSION 


It has been shown in an unpublished paper! that the 
strength-thickness relation characteristic of fibrous 
insulation is greatly affected by voltage application 
even at low stresses. Thus for example, the re- 
lation expressed in the formula KV =AT°-” as 
determined for oil impregnated 0.0005-in. linen paper 
from 0.002-in. to 0.008-in. in thickness is changed to 
KV =A T° for a ten-day application of 3300 volts. 
At the end of 51 days the relation has become K V 
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PPLIED VOLTAGE 
(APPLIED BY MINUTE TEST PROCEDURE) 


RAPIDLY APPLIED PUNCTURE VALUE 
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Fic. 1—Errrectrs or Previousty APPLIED VOLTAGES ON THE 
Rapipty AppLigp PUNCTURE VALUE OF THREE LAYERS BLack 
VARNISHED Bonp ParpEr (0.005 In.) 

Test Medium—tTransil Oil at Room Temperature 


Electrodes—1 %-in. Brass with Edges Rounded to 3/64-in. Radius 
Test Voltage—60-cycle 


= A T°: which is practically unchanged at the end 


of 77 days of voltage application. 

Continued study has been made of the effect of 
voltage upon the breakdown values of a variety of 
fibrous insulating materials. Experimental data has 
shown that the important factors involved are 
the voltage itself, the rest period allowed between 
applications of stress, the duration of voltage’ appli- 
cation, and the treatment of the insulation during the 
rest interval between stress periods. 


1. Dielectric strength-thickness relation in fibrous insulation 
by F. M. Clark and V. M. Montsinger. 
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THE VOLTAGE FACTOR WITH REFERENCE TO THE 
RAPIDLY APPLIED TEST VALUES 


It has been found that the rapidly applied breakdown 
value for black varnished bond paper tested under oil 
at room temperature is affected by the previous 
application of electric stress, the effect being greater 
the nearer the applied voltage is brought to the actual 
breakdown strength of the insulation. This is illus- 
trated in the following data, all values of which are the 
average of at least ten tests, the individual tests for 
the different points being run alternately on the same 
samples of insulation. 


32F “Normal” rapidly applied Va 
_——, 


eons 


2 


t 1 iy 
REST PERIOD IN MINUTES FOLLOWING AN 
APPLICATION OF 19 KILOVOLTS AS DESCRIBED 


RAPIDLY APPLIED PUNCTURE VALUE 


Fie. 2—Errect or A PreviousLty APPLIED VOLTAGE ON THE 
RapipLty AppLirpD PunctuRE VALUE oF THREE LAYERS OF 
Buiack VARNISHED Bonp Paper (0.005 In.) as A FUNCTION OF 
THE Rest Periop INVOLVED 


Test Voltage—60-cycle 
Test Medium—tTransil Oil. at Room Temperature 
Electrodes—1 %-in. Brass with Edges Rounded to 3/64-in. Radius 


Insulation—3 layers black varnished bond paper 
(0.005 in.) 


Testing voltage—60 cycles. 
Testing medium—transil oil at room temperature. 


Electrodes—11% in. brass, with edges rounded to 
3/64 in. radius. 


Voltage Applied Breakdown 
hapidlysapplieds(oricinall)tv.a = ieee aaa ee eee 32.2 kv 


Minute test (initial voltage 12 kv. with 1 ky. step-up 

each 30 seconds)...... (Original) Been see eee ZOclielcye 
Rapidly applied preceded by voltage application ac- 

cording to the above minute test procedure up to and 

fn cluding: Orkavsits dutes vader een ee a ee 28 soy. 
Rapidly applied preceded as above by the minute test 

voltage application up to and including 18 kv....... 29 ~—siky.. 
Rapidly applied preceded as above by the minute test 

voltage application up to and including 17 ky....... 30.8 
Rapidly applied preceded as above by the minute test 

voltage application up to and including 16 ky....... 31.0 
Rapidly applied preceded by voltage application by the 

minute test procedure up to and including 15 kv..... 30.7 
Rapidly applied preceded by voltage application by the 

minute test procedure up to and including 14 kv... . .30.8 
Rapidly applied preceded by voltage application by the . 

minute test procedure up to and including 13 kv..... 32.5 ky. 


These results are illustrated in Fig. 1. Similar 
effects have been noted using 3-mil. oil-impregnated 
kraft paper. 
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THE EFFECT OF REST PERIOD BETWEEN VOLTAGE 
APPLICATIONS 


The extent of the deterioration in the rapidly ap- 
plied test strength of fibrous insulation is dependent 
upon the rest period allowed between applications of 
stress. 

Insulation—3 layers black varnished bond paper 
(0.005 in.) 

Test medium—transil oil at room temperature. 

Electrodes—11% in. brass electrodes, edges rounded 
to aradius of 3/32 in. 

Averages based on ten tests. The individual tests 
for each point were run alternately upon the same 
samples of insulation. 


CASE I (FIG. 2) 
Original rapidly applied strength. . ; : .31.2 kv. 
Minute test strength (Initial Palace 42 i followed 
by 1 kv. inerements each 30 seconds) .. (original) ..20 kv. 
Preliminary treatment—voltage applied according to the 
above minute test procedure up to and including 19 kv. 
Rest Period Final Rapidly Applied Strength 


INGSEOSURR wae et tn ors ee ne 28.8 kv 
AAEM TOS Gee tee ek Sor aces bse eens 20 Sim 
WAT ina RSTSINE octal enc: ORE eee nO EEE 29:6. 
‘LAM A reSt ete are ec nha eee B03} 
Ne pel eNOS Ame erty casita decrees 30.6 “ 
A AGMRECS bee Veo th peaePN eas) a! ots a desea Silda © 
SelURL OS UPS ae POA) a cease tusecsucvea ae 4 po Loy 


Similar results have been obtained felis 0. 003 in. oil impreg- 
nated kraft paper. 
CASE II (FIG. 3) 


Oniginalerapidlysap pliodastrenetiesiay aie wee ene ee es 30.7 kv. 
Minute test. strength (initial voltage 12 ky. followed by 
one ky. stepup each 30 seconds) .... (original) ...... 20 kv. 
Preliminary treatment—voltage applied according to the 
above minute test procedure up to and including 17 kv. 
Rest Period Final Rapidly Applied Strength 


ENIOUDOS Gis, Ses Aercs corre. SIO Raha are 


29.5 kv 
AC 001 A Te Ce Si ele A 29.8 “ 
BUTT ea Ae eal tk Sener cuninan ree ore A OOl2ie 
IES ¢0W AI  « tort ca corn ens Se a BOB 
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Similar results have been obtained using 0.003 in. oil im- 
pregnated kraft paper. 
EFFECT OF PREVIOUSLY APPLIED ELECTRIC STRESS 
UPON THE TIME-VOLTAGE RELATION 


The effect of stress application upon the time-volt- 
age relation in fibrous insulation is of interest since it 
not only involves tests of short duration but also long 
time tests. In this work the time factor involved has 
been limited to 15-minute intervals. 

In investigating this phase of voltage effect, the 
stress applications fall into two classes,—first those 
voltages which will puncture the insulation within an 
arbitrary time (15 min.) and secondly, those voltages 
which will give no puncture independent of the time 
for which applied. 

Case I: Those voltages producing a puncture with- 
in 15 minutes. The effect of voltages of this type has 
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final voltage applications. 
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been investigated with the use of oil impregnated 0.003 
in. kraft paper and 0.005 in. black varnished bond 
paper. The results are shown in Figs. 4 and 5. In 
these figures the points shown are the average values 
of at least ten tests. ‘The individual tests upon which 
the averages of the curves are based have been ob- 
tained alternately. 

The following facts in Fig. 4 are to be noted: 

First, the rapidly applied test value of oil treated 
kraft paper is greatly affected by the previous voltage 
application, which effect is partly eliminated with the 
the intervention of a rest period between the pre- 
liminary voltage application and the final test value; 

Secondly, the application of stress leads to a perma- 
nent injury as determined by the long time test value. 
That is, the curves with and without a rest period 
following the initial stress application become identical 
when the time to puncture factor equals one minute 
or more. 


RAPIDLY APPLIED PUNCTURE VALUE 


4 1 14 2 24 
REST PERIOD IN MINUTES FOLLOWING AN 
APPLICATION OF 17 KILOVOLTS AS DESCRIBED 


Fig. 3—Errect oF A PrEviousLy APPLIED VOLTAGE ON THE 
Rapipiy AppLigeD PUNCTURE VALUE OF THREE LAYERS OF BLACK 
VARNISHED Bonp Paper (0.005 In.) as a FuNcTION OF THE 
Rest Prriop INVOLVED 


Test Voltage—60-cycle 
Test Medium—tTransil Oil at Room Temperature 
Electrodes—1 %-in. Brass with Edges Rounded to 3/64-in. Radius 


In Fig. 5 for the varnished paper, although similar 
effects are noted for short time tests, as observed in 
Fig. 4 for kraft paper, nevertheless considerable dif- 
ference is observed in voltage strength for tests oc- 
cupying more than one minute, where an apparent 
increase in dielectric strength is obtained following the 
intervention of a rest period between the initial and 
In view of the fact that 
it is impossible to thoroughly dry varnished materials 
without injury before test, the increase in strength 
always noted with low voltage applications has been 
attributed to a further drying out process. 

Case II: Those voltages which do not puncture at 
indefinite time. The effects of very low stress appli- 
cation involving as it does a period of weeks and months 
has necessitated the use of a slightly different test 
method. In this procedure aluminum foil electrodes 
(114 in. by 21% in.) were prepared between which was 
clamped the insulation under test. The dielectric used 
was linen paper, 0.0005 in. per layer and made up to a 
thickness of 0.004 in. The individual units so pre- 
pared were carefully dried under vacuum at 115 deg. 
cent. and impregnated. Part were then tested for the 
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time voltage relation. The remainder were then sub- 
mitted to 3300 volts in oil at room temperature. No 
attempt was made to protect the oil in which the units 
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Fig. 4—Errect or A PrReviousty APPLIED VOLTAGE ON THE 
Time-V OLTAGE RELATION 


Insuiation—9 Layers Oil Treated Kraft Paper (0.003 in.) 

Test Voltage—60-cycle 

Test Medium—tTransil Oil at Room Temperature 

Electrodes—1%4-in. Brass with 3/64-in. Edge Radius 

“Standard Curve’’—Original Curve for Insulation 

“No Rest’’—Relation obtained after Application of 22 kv. for 2% 
min. without an Intervening Rest Period 

“With Rest’’—Relation obtained after Application of 22 kv. for 2% 
min. followed by a Rest Period of 5 min. 


were placed from the effects of the room conditions, 
aside from the fact that the tests were made in a large 
“voltage box,” covered but not air-tight. The results 
are shown in Fig. 6. Here again it will be noted that 


32 


are the, Average of 10 Tests 


KILOVOLTS APPLIED 


— Standard Curve | 


0 20 40 60 80 100 120 140 160 180 200 220 
TIME OF VOLTAGE APPLICATION IN SECONDS 


Fie. 5—Errect or A Previousty APPLIED VOLTAGE ON THE 
TimE-V OLTAGE RELATION 

Insulation—Two Layers Blank Varnished Paper (0.012 in.) 

Test Voltage—60-cycle 

Test Medium—Transil Oil at Room Temperature 

Electrodes—1 %-in. Brass Edges Rounded at 3/64-in. Radius 

“Standard Curve’’—Original Curve for Insulation 

“No Rest’’—Relation obtained after Application of 20 kv. for 150 sec. 
without an Intervening Rest Period 

“With Rest Period’’—Relation obtained after Application of 20 kv. 
for 150 sec. followed by a Rest Period of 5 min. 


permanent deterioration has occurred in the insulation 
except in the case of rapidly applied test values. 

The effect of long time voltage application at low 
stress has been investigated by means of the effect 
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noted upon the one minute test values of 0.0005 in ) 
linen paper in thicknesses from 0.002 in. to 0.008 in. 
In this connection, units similar to those described 
above were carefully dried under vacuum and oil 
impregnated. Part were tested by minute test pro- 
cedure and the remainder placed under 3300 volts 
in oil at room temperature for varying periods, after 
which the minute test values were again determined. 
The results are shown in Fig. 7. It should be remem- 
bered that in this case the units tested being of varying 
thicknesses, the actual electric stress (volts per mil) 
was not constant. It is to be noted, however, that 
the minute test value for the 4-mil thickness is affected 
in almost equal amount in Fig. 6 and Fig. 7, in both 
of which cases the voltage has been applied for equal . 
intervals, 77 days. 

During the course of these experiments, no attempt 
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KILOVOLTS APPLIED 


Standard Curve 


7 Ky. = 445 in, 
6% Ky. = no break in 10 ft, 
x 
2 Voltage Application 


fee Ky. = 470 in, 
'5 Ye Ky. = no break in 10 ft, 


20 60 100 140 180 220 260 300 340 380 420 
TIME OF VOLTAGE APPLICATION IN SECONDS 


Fia. 6—Errect or a Previousty APPLIED VOLTAGE ON THE 
TimE-V oLTAGE RELATION 


Insulation—8s Layers of Oil-Treated Linen Paper (0.0005. in.) 

Test Voltage—60-cycle 

Test Medium—tTransil Oil at Room Temperature 

Electrodes—1 %-in. by 2%4-in. Aluminum (0.001 in.) Foil 

“Standard Curve’’—Original Curve for Insulation 

““After-Voltage Application”’—Time-Voltage Relation after the Applica- 
tion of 3300 Volts for 77 Days 


has been made to protect the insulation from the effects 
traceable to atmospheric conditions, the samples being 
merely immersed under oil whose surface was in con- 
tact with the air, of the ‘‘voltage box.” Fig. 7 also 
shows the effects which are traceable to factors aside 
from the applied voltage. 

It will be noted in Fig. 4 that the total time to pro- 
duce a puncture with oil impregnated kraft paper at 
22 kv. was originally 188 seconds. In the case when 
22 kv. was applied for 2.5 minutes followed by a rest 
period of 5 minutes, the insulation punctured on the 
second application of voltage in 42 seconds, the total 
time for which the 22 kv. was applied before and after 
the rest period being 192 seconds. Thus the breaking- 
up of the voltage application into two steps separated 
by a rest period produced no material increase in the 
original voltage life of the insulation. A permanent 
injury of an additional type was apparently produced 
by each application of voltage. 
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REPEATED APPLICATIONS OF VOLTAGE STRESS 


In investigating the effects of repeated applications 
of electric stress, the voltages used were in general 
- limited to those producing a puncture within a time 
interval of 15 minutes. In order to express the results 
of the various individual experiments in an easily 


Original Test Curve 


Test Curve after 77 Days Oil 
Immersion at Room Temperature 


KILOVOLTS APPLIED 


Test Curve after 77 Days 
Voltage Stress at 3300 Volts 
in Oil at Room Temperature 


RC aeGIO. TiS lauendGn IS 20 
THICKNESS IN 0.0005 IN. LAYERS 


Fie. 7—Tue Errect or Low-Voutracn STRESSES UPON THE 
Minvute-Test 


Puncture Value of Fibrous Insulation 

Insulation Used—Linen Paper, 0.0005 in. per Layer (2 in. by 3 in.) 

Electrodes—1 mil Aluminum (1 % in. by 2% in.) held in Place by Means 
of Glass Plates and Spring Clamps 

Test Medium—Transil Oil at Room Temperature 

Test Voltage—60-cycle 

All Values Average of 8 Tests 


comparable manner, the following scheme was used. 
A definite voltage was selected which would produce 
a puncture continuously applied within the time inter- 
val desired. Using this voltage, the average time to 
puncture on at least 10 tests was determined. This 
time was accepted as the 100 per cent time factor, 7. e., 
the total time needed to produce a puncture for only 


20 Kv. used throughout- This will Puncture continuously, 
ne 100 applied in 155 Seconds iE | Rx Te K 
28 t 100% 1. x155 =155 
Fra 90% 1.8x189= 191 
2oO™ 80 dete — 80% 1.6x124= 209-4 
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He 
2s 60% 2.6x93 =242 
za, 50% 3.5x77 =269 
bof 60 40% 5.4x62 =334 
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Fie. 8—Errecrt or Reprsatep HieH-VotTace APPLICATION 
UPON VARNISHED CAMBRIC 


Insulation—Two Layers of 0.012 in. Black Varnished Cambric 
Test Medium—tTransil Oil at Room Temperature 

Test Voltage—20-kv. 60-cycle 

Electrodes—1 %-in Brass with Edges Rounded to 3/64-in. Radius 
Rest Period—Five min. between Tests 


one application of the voltage used. With this factor 
as a basis, the constant voltage accepted was applied 
for various intervals such as 90 per cent, 80 per cent, 
70 per cent, etc., of the 100 per cent time value. With 
a period of rest allowed between voltage applications, 
the number of permissible repetitions of stress for each 
time interval was determined. 
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Case I: Figs. 8, 9, 10, 11, 12 and 18 illustrate the 
typical results produced by repeated voltage applica- 
tions upon black varnished cambric (0.012 in.), black 
varnished paper (0.005 in.), kraft paper (0.003 in.), 
cable paper (0.005 in.), and pressboard (1/32 in. and 
3/32 in.) tested under oil at room temperature. In 
these tests the total number of voltage applications was 
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nnnG 8 Oi wale 
NUMBER OF REPETITIONS 
Fie. 9—Errect or Repeatep HigH-VoLTAGE 
UPON VARNISHED BoND PAPER 
Insulation—Two Layers of 0.005 in. Black Varnished Bond Paper 
Test Medium—tTransil Oil at Room Temperature 
Test Voltage—16-kv. 60-cycle 


Electrodes—1 }4-in. Brass with Edges Rounded to 3/64-in. Radius 
Rest Period—Five min. between Tests 


APPLICATION 


limited to from 10 to 15. During the rest period, the 
insulation was allowed to remain in place between the 
electrodes immersed in cold transil oil. The varnished 
cambric and varnished paper were dried in air at 100 
deg. cent. for four hours, after which they were im- 
mersed in transil oil for 24 hours before test. The 
unvarnished insulation was subjected to a vacuum 
drying process and oil impregnation at 110 deg. cent. 
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100 applied in 103 Seconds TTS 
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FOR WHICH 23 KILOVOLTS WAS APPLIED 


0 2 4 6 8 10 12 14 16 
NUMBER OF REPETITIONS 


PER CENT OF CONTINUOUS TIME TO PUNCTURE 


Fig. 10—Errecr or Repratep Applications or HigH VOLTAGE 
UPON Krarr PAPER 


Insulation—9 Layers of 0.003-in. Oil-Treated Kraft Paper 

Test Medium—tTransil Oil at Room Temperature 

Test Voltage—23-kyv. 60-cycle 

Electrodes—1 34-in. Brass Electrodes Edges Rounded to 3/64-in. Radius 
Rest Period—Five min. between Tests 


It will be noted in Figs. 8 and 9 that with the varnished 
materials, the actual voltage life continually increases 
as the time of each application is diminished. This 
bears out the results of Fig. 5 showing the effect of 
previously applied stresses upon the time-voltage 
relation of black varnished paper. In cases where the 
breakdown value of varnished insulations, dried as 


198 


described, is not closely approached either with respect 
to the voltage or time factors, an apparent increase 
in voltage life results. In the case of fibrous, unvar- 
nished but vacuum dried and oil impregnated mate- 
rials, the effect of each application of voltage seems to 
be additional and permanent. This effect is expressed 
in the formula R x T = K where R is the number of 


alpen eae 
23 Ky. used throughout. This will) Panebiea continuously, applied 
in 43 Seconds— ] [| —— 
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++ 100% 1 x43 =43 | — 
90% 1 x39 =39 


80% 1.1x34 =37 -— 
70% 1.3x30 = 39 
60% 1.5x27=40 [|_| 
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Fic. 11—Errecr or Reppatep APPLICATIONS OF 23 KV. ON 
CABLE PAPER 


PER CENT OF CONTINUOUS TIME TO PUNCTURE 
FOR WHICH 23 KLOVOLTS WAS APPLIED 


Insulation—Six Layers of 0.0045-in. Oil-Treated Cable Paper 
Test Medium—Transil Oil at Room Temperature 

Test Voltage—23-kv. 60-cycle 

Electrodes—1 %-in. Brass with 3/64-in. Edge Radius 

Rest Period—Five min. between Tests 


repetitions possible for the time T of each application. 
The value of K is the time to puncture for the voltage 
used when continuously applied. The application of 
this formula is given in each of the figures showing the 
effect of repeated high-voltage stresses. Increased 
dielectric life does not result until the time factor of 
each voltage application has been reduced to less than 
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FOR WHICH 20 KILOVOLTS WAS APPLIED 


Fie. 12—Errecr or Rerratep Hran-Vourace APPLICATIONS 
ON PRESSBOARD 


ragntationOue Layer, 1/32 in. grade AA Oil Treated Pressboard 
Test Medium—tTransil Oil at Room Temperature 

Test Voltage—20-kv. 60-cycle ; 

Electrodes—1 %-in. Brass with 3/64-in. Edge Radius 

Rest Period—15 min. between Tests 


40 per cent of the continuously applied time to puncture 
‘value for the same voltage. This effect is shown in 
the case of kraft paper, cable paper and pressboard of 
Figs. 10, 11, 12 and 18. 
Case II: In a previous article? it has been shown that 
the dielectric strength-thickness relation for fibrous 
insulation approaches the first power with the use of 
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impregnated wooden electrodes. Fig. 14 shows the 
effect of intermittently applied voltage on 0.003 in., oil 
impregnated kraft paper, tested under transil oil at 
room temperature with 3-inch round edge impregnated 
wooden terminals. The effect of voltage application 
with these electrodes is roughly additional and in no 
wise different from the results illustrated in the pre- 
vious figures using metallic electrodes. 


PER CENT OF CONTINUOUS TIME TO PUNCTURE 
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Fig. 13—Errsct or REPEATED APPLICATIONS OF H1gH VOLTAGE 
ON PRESSBOARD 


Insulation—One Layer 3/32-in. Grade A Oil-Treated Pressboard 
Test Medium—Transil Oil at Room Temperature 

Test Voltage—45-kv. 60-cycle 

Electrodes—1 %-in. Brass with 3/64-in. Edge Radius 

Rest Period—15 min. between Tests 


Case III: In Figs. 8 to 13 inclusive 1% in. brass 
electrodes with edges rounded to a radius of 3/64 
of an inch have been used. It has already been shown? 
that in cases where such electrodes are replaced with - 
terminals identical, with the exception that an albarene 
stone collar has closely fitted around the electrode edge 
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Fie. 14—Errecr or Repratep APPLICATIONS OF VOLTAGE ON 
Krarrt Paper 
Insulation—4 Layers of Oil-Treated 0.003-in. Kraft Paper 
Test Medium—tTransil Oil at Room Temperature 
Test Voltage—8 ky. 60-cycle 


Electrodes—Three-inch, Round Edge, Impregnated Wooden Electrodes 
Rest Period—20 min. between Tests 
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forming a smooth surface with the testing face, the 
dielectric strength-thickness relation is changed from 
Ky =A T™toK » =A T*, Theeffect of such “pro- 
tected” electrodes on fibrous insulation under re- 
peated applications of stress is shown in Fig. 15 for 
lg in. pressboard in oil at room temperature. The 


2. F.M. Clark and V. M. Montsinger—Ibid 


Feb. 1925 


results show a deteriorating effect additional in nature 
accompanying each application of voltage comparable 
to that illustrated in the previous figures for ‘‘unpro- 
tected’’ electrodes. 

Case IV: In the results shown in Cases I, II and III 
the insulation between test applications has been 
allowed to rest untouched in oil at room temperature. 


60 Ky. eee in 100\Seconds, ai applied| 
i 
| |RxT= Kc T 


00% 1 k100= =1007-—J 
90% 1.2x 90-108) 
80% 14x 80-112 
70% 1.6x 70=112 
60% 1.8x 60=108) 
50% 21x 50=105| | 
40% 2.7x 40=108; 
30% 4.1x 30=123| 
25% 63 x 25=158 


° 
S 
$ 


ie) 
oO 


fon) 
Oo 


S) 


| { 
R=Number of Repetitions 
T=Time of each Repetition 


to 
oO 


x Average Values 


|e Individual Tests 


FOR WHICH 60 KILOVOLTS WAS-APPLIED 


TIME OF VOLTAGE APPLICATION IN PER CENT 
OF CONTINUOUSLY APPLIED PUNCTURE VALUE 


0 2 Ai See *6 8 10 12 14 16 
NUMBER OF REPETITIONS POSSIBLE 
Fie. 15—Errect or Repratep HieH-VoLTacGe APPLICATION 
ON PRESSBOARD 
Insulation—One Layer 1/8-in. Oil-Treated Pressboard 
Test Medium—Transil Oil at Room Temperature 
Test Voltage—60-kv. 60-cycle, Sine Wave 


Rest Period between Voltage Applications—10 min. 
Electrodes—1 4-in. Brass with Albarene Stone Edge Protection 


Fig. 16 shows the relationship obtained, using the same 
procedure as in the previous cases, except that during 
the rest period the insulation has been heated in oil 
for a predetermined period. In running these tests, 
account had to be taken of the aging effect which 
would result from the intermittent hot oil immersions. 

The change in dielectric strength following hot oil 
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Fiq. 16—Errect or RepeateD HigH-VoLtTaAGE APPLICATION 
on LInEN PAPER 


Insulation—8-Layers of 0.0005-in. Linen Oil-Impregnated Paper 

Test Medium—tTransil Oil at Room Temperature 

Test Voltage—7 4-kv. 60-cycle 

Rest Period between Voltage Applications—One Hour 

Electrodes—1 %-in. by 2%-in. Aluminum Foil, held in Place between 
Glass Plates by Means of Spring Clamps 


immersion has been found to be rapid in the first stages. 


In order to avoid such changes during test, the insu- ° 


lation after drying was therefore placed in 80 deg. cent. 
oil for one week before submitting to voltage stress. 
Furthermore, the tests, involving long rest periods 
between voltage applications, eliminated the possibility 
of using large 11% in. brass electrodes as done in the 


CLARK: DIELECTRIC PROPERTIES OF FIBROUS INSULATION 


199 


previous cases. The following method was therefore 
adopted. Aluminum foil was cut 11% in. by 2% in. for 
use as electrodes. The insulation tested (0.0005 in. 
linen paper) was cut 2 in. by 3 in. and held in place be- 
tween the aluminum terminals by means of glass plates 
and spring clamps. The miniature condensers so pre- 
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Fig. 17—Errect or Repeated High VoutTaces on LINEN 


Pappr, HEATED BETWEEN APPLICATIONS 


Insulation—8s Layers 0.0005-in. Oil-Treated Linen Paper 

Test Medium—Transil Oil at Room Temperature 

Test Voltage—6.25-kv. 60-cycle Sine Wave 

Rest Period between Tests—at least one hour 

Treatment between Voltage Tests—Placed in 80 deg. Gent. Oil for 20 
Minutes and in 20 deg. cent. Oil for at least 40 minutes 

Electrodes—1 %-in. by 2%-in. Aluminum Foil, held in Place between 
Glass Plates by Means of Spring Clamps 


pared were vacuum dried at 115 deg. cent. and oil 
impregnated. They were then placed in transil oil at 
80 deg. cent. for a period of one week, whereupon they 
were cooled to room temperature and the voltage tests 
made. The voltage repetitions in each case were fol- 
lowed by oil immersion at 80 deg. cent. for 20 to 30 
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Fig. 18—Errect or Repratep HigH-VoLtTaGE APPLICATIONS 
on Mica 


Insulation—2 in. by 3 in. Sheets of Yellow Mica Built to Thickness of 


0.004 in. : 

Test Medium—Transil Oil at Room Temperature 

Test’ Voltage—5 %-kyv. 60-cycle 

Electrodes—1¥% in. by 2%-in. Aluminum Foil, held in Place between 
Glass Plates by Spring Clamps 

Rest Period—One hour between Voltage Tests 


minutes. The condensers were then quickly trans- 
ferred to a cold oil tank and brought to room tempera- 
ture before further voltage was applied. The period 
between tests was approximately one hour in all cases. 
Typical results are given in Fig. 16. As will be noted, 
the application of voltage in steps by this procedure 
leads to increased voltage life of the insulation as the 
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time of each voltage application is diminished. This 
is shown in the values of R X T givenin Fig. 16. These 
results are directly comparable to those of Fig. 17. 
In the latter, using the same type of insulation and test- 
ing methods, except that the insulation was not heated 
between voltage periods, the effect of each stress appli- 
cation was found to be additional. 


As contrasted to the results obtained with oil treated 
fibrous insulation, miniature condensers, similar to 
those used in Case IV above, were made up using mica 
asinsulation. The typical results are shown in Fig. 18. 
As will be noted, with voltage application in steps, an 
apparent increase in dielectric life is obtained with or 
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Fig. 19—Errecr or Low-VoutTace APPLICATION ON POWER 
Factor 


Insulation—8-Layers of 0.0005-in. Linen Oil-Treated Paper 
Test Medium—Transil Oil at Room Temperature 
Test Voltage—2a 300-volts 60-cycle 


Electrodes—1 % -in. by 2%-in. aluminum Foil, held in Place by Spring 
Clamps between Glass Plates 


without heating in oil between tests, 2. e., the product 
of R x T in Fig. 16 is not constant, but increases as 
the time of each voltage application is diminished. 


EFFECT OF VOLTAGE APPLICATION UPON POWER FACTOR 
VALUES 


/ 


The effect of voltage application upon per cent power 
factor values was investigated using both low and high 
stresses. In all cases the investigation was carried out 
by means of miniature condensers as described above, 
using 114 in. by 21% in. aluminum foil electrodes and 
0.0005 in. linen paper made up to a thickness of 0.004 
in., vacuum dried and oil impregnated at 115 deg. 
cent. 


Case I: Applied voltages producing no puncture for 
indefinite time. 

The results shown in Fig. 19 indicate power factor 
determinations at 1000 cycles (bridge method) made 
between voltage applications of 8300 volts on linen 
paper insulation prepared as described above. The 
voltage gradient, 825 volts per mil, produced no 
puncture of the insulation within the limit of the 
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experiment, 77 days. Aside from the power factor 
variations during the initial stages of the experiment, 
no change was noticed. 

Case II: Applied voltages of relatively high stresses 
producing puncture when continuously applied within 
a period of 15 minutes. 
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Fig. 20—Errect or Higu-VouttTacE APPLICATIONS ON POWER 
Factor 
Insulation—8-Layers of 0.0005-in. Oil-Treated Linen Paper (2 in. by 
3 in.) 
Test Medium—Transil Oil at Room Temperature 


Test Voltage—8-kv. 60-cycle, held for 20 sec. which was 40 deg. of the 
Time to Puncture when continuously Applied 


Electrodes—1 %-in. by 2%-in. Aluminum Foil, held in Place between 
Glass Plates by Spring Clamps 


The effect of relatively high stresses intermittently 
applied upon the per cent power factor at 1000 cycles 
(bridge method) leads to extremely erratic results. 
In general, the effect shown in Fig. 20 is obtained. 


Discussion 


J.B. Whitehead: I think the striking result of this paper is 
the indication that sometimes insulation that has been strained 
will recover and sometimes it will not. It is easy, from our 
present knowledge of the properties of insulation, to see how both 
of those things may occur. Composite insulation is distin- 
guished principally by the property of dielectric absorption, 
sometimes called viscosity, sometimes spoken of as the property 
of having residual charge. 


If you take a dielectric showing residual charge or absorption 
and carry it up in temperature, you will find that the absorption 
will merge into a pure conductivity at high temperatures. 
If the dielectric is sufficiently homogeneous and uniform and 
controlled, it may be brought down again from those regions of 
high temperature, and show all of its original properties. In- 
other words, absorption generally merges into conductivity at 
high temperatures. It is easy to see, then, how a non-homo- 
geneous dielectric may have this property in excess or 
preponderance over other properties, and so recover. 

The case of non-recovery it seems to me is also equally easy to 
understand. We very rarely have homogeneous composite 
dielectrics. Particularly in the ease of fibrous dielectrics, we 
have a variety of other phenomena entering. We have the 
question of moisture. Wealso have undoubtedly the phenomena 
of electrolytic conduction. We have fibers present. We have 
every possible suggestion of localized structural paths. It is 
quite easy to see that if we apply voltage to such a structurefora . 
limited time, it is possible that electrolytic conduction, to fix 
our attention on only one of them, may take place along certain 
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limited paths to their ultimate destruction. This electrolytic 
conduction can be a cause of local heating; it can be a cause 
of the disintegration of the structure of the material itself, 
without resulting in breakdown. 


The conditions of experiment in Mr. Clark’s observations were 
not sufficiently controlled, I think, really to offer us any definite 
information on the subject of Dr. Wagner’s hypothesis. I 
think we have assumed a wider field for the application of this 
hypothesis than is warranted. I believe that if we talked to 
Dr. Wagner himself he would immediately limit his proposal 
to the range in which the absorptive properties of dielectrics are 
merging into those of conduction. 


H. W. Fisher: Mr. Clark is to be congratulated on his 
ability to prepare a number of samples in the tests of which he 
gets such remarkably consistent results. I know from ex- 
perience that this is quite a difficult undertaking. 


I was interested in the fact that some of the samples showed 
that the material was injured electrically by the application of 
very high voltages. I have often had reason for believing that 
the regular run of cables may be permanently injured if too high 
test voltages are applied. Cables, no matter how well saturated, 
are changed in their structure, due to the winding and re- 
winding in the lead covering and installation processes, where- 
as, the samples prepared by Mr. Clark, were not subjected to 
mechanical stress, after being prepared for test. 


A number of years ago, we had a customer who never speci- 
fied any high-voltage tests on cables purchasedfrom us. We 
always made a routine factory test on these cables of at least 
double working voltage. For years and years no burn-outs were 
ever reported on cables furnished this customer and our vice- 
president, Mr. W. A. Conner (who was well known by many of 
the older members of the A. I. E. E.) often used to remark that 
the operators who did not specify very high voltage tests seemed 
to have the least operating troubles so far as the cables were 
concerned. 


I shall cite the case of an experimental cable made about 15 
years ago which, when repeatedly tested, did not show this 
_ deteriorating effect by the application of high voltages. In the 
construction of the cable, an extremely viscous and elastie¢ com- 
pound was used. The cable withstood voltage tests which 
were very remarkable at that time and which, in fact, were higher 
than any required at the present time. Still more remarkable 
was the fact that although the cable was broken down, a great 
many times, the fault removed and new tests made, the break- 


down tests were within 1000 or 2000 volts of each other every - 


time, the t2sts being in the neighborhood of 50,000 volts. 


Good as this cable appears to be, it would not have withstood 
the N. E. L. A. bending tests at minus 10 deg. cent. The com- 
pound used was a vegetable material, no mineral compound 
entering into its composition. This does not necessarily mean 
that cables made with vegetable-base compound do not deteri- 
orate so much from high-voltage tests, as those made with mineral- 
base compound. 


M. F. Skinker: In the synopsis of his paper, Mr. Clark 
mentions the pyroelectric theory of breakdown as developed by 
Steinmetz, Wagner, and others. The possibilities offered by 
thermal theories have been admirably discussed by Dr. E. 
Dreyfus in Bulletins No. 7 and No. 12 of the Schweitz Elektro- 
technischer Verein, 1924. His paper deserves to be carefully 
studied by all who are interested in problems of this nature, 
particularly from a designer’s standpoint. Mr. Clark states 
that the transformation to thermal energy proceeds ‘‘at a rate 
proportional to the stress applied.’ Obviously, it should be 
“at arate proportional to the square of the stress applied.” 

In order that the original properties of the dielectric after stress 
might be restored, it must be assumed that no electrical strain or 
chemical action has taken place until the stress actually reaches 
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the point of failure. Since none of our dielectrics are perfectly 
homogeneous, we would expect partial deterioration of stresses 
even far below the average breakdown value, the partial deteri- 
oration being nothing but the premature breakdown of weak 
spots or filaments. It is on the presence of such weak filaments 
that Wagner builds his thermal breakdown theory, and it has 
very justly been criticized on account of the arbitrary assump- 
tion that must be made relative to their size and physical 
constants. 

“Rapidly applied 60-cycle voltage” is not a definite repro- 
ducible quantity unless the exact phase of the voltage is known at 
the time of its application. There may well be transients and 
reflections in the dielectric under certain conditions. Therefore, 
when studying the laws governing breakdown under prolonged 
stress, the voltage should never be applied abruptly but always 
should be allowed to start from zero. The time to reach full 
value need be only a fraction of a second, provided it is large 
compared to the time taken for an electromagnetic wave to 
cross the dielectric. 

Further, before taking fifteen minutes as an arbitrary time 
limit, it would be well to investigate thoroughly the effect of 
long-time application of lower voltages. If we are making tests 


Breakdown 


in the light of the pyroelectric theory, we must take into account 
all the thermal properties of the system we are studying. When 
we get a failure due to a continuously applied voltage of several 
minutes duration, it may be satisfactory to neglect the specific 
heat of the insulation and that of the electrodes, but certainly 
when we are considering intermittent application of voltage we 
must take this into account. 


It is possible to make a very simple picture of the reason for 
the apparent. discrepancy in the law RX T=K. When 
we apply a voltage that will cause a breakdown in an interval, 
some time will be spent in heating up the system before the 
critical point is reached. In Fig. 1 let the total interval be T, B 
the time to reach the danger zone of breakdown and A the rest 
of the interval. 


Now each time we apply the same voltage for a shorter interval 
(that is, various percentages of the time T' as indicated in Mr. 
Clark’s paper) we see the quantity B enters in and should be 
corrected for. By making simple calculations, considering each 
of the indicated points on the graph, a mean value of B can be 
found. For instance, in Fig. 15, B came out 10.2 per cent of the 
continuous time to puncture; in Fig. 17, 15 per cent; in Fig. 9, 
33 per cent, ete. ; 

Now obviously, if we only apply the stress for these percentages 
of the time, we should not expect to get a breakdown of the insula- 
tion. This is faithfully indicated in the curves by the fact that 
they apparently have asymptotes at these values. If the equa- 
tion were R X T = K the horizontal axis should be the 
asymptote. 

The thermal conditions do not permit definite calculations 
but I cannot see anything in the data that definitely disproves 
the pyroelectric theory, but they seem to substantiate it. 


G. E. Luke: These tests show without doubt that fibrous 
insulation has the characteristic which may be ealled ‘‘dielectric 
fatigue.’ The author stated that this fatigue or deterioration 
is permanent under the conditions given except for the case when 
a rapidly applied test is made after a rest period following a pre- 
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vious voltage application. In this instance the material breaks 
down at approximately the same value with or without the pre- 
vious application of stress. 

The above author’s conclusion will evidently hold true only 
under the particular conditions tested, since Rayner” found that 
a prevoltage application followed by a rest will materially change 
the rapidly applied breakdown. Thus Rayner found that a 
certain oiled cloth will break down in-81 min. on the application 
of 5500 volts on a green sample, and 6500 volts will break down 
in about 29 min. on a similar sample. Now when the material is 
given a prevoltage test of 5500 volts for 40.5 min. (one-half the 
breakdown time) and allowed to recover over night, its break- 
down time on the application of 6500 volts is only 0.8 see. instead 
of 29 min. as found on the green material. 

The intermittent application of voltage as shown on Figs. 9 to 
18 show that the insulation has deteriorated and would not 
recover since many of the tests were made with 60 min. between 
tests. The author says, “‘with mica or with fibrous materials 
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heated in oil between voltage applications the effect of intermit- 
tently applied stress is diminished and an increase in dielectri¢ 
life is observed.’ Complete data for such a conclusion could not 
be found in the paper since the only tests given for mica were on 
Fig. 18 taken at room temperature. Also due to the erratic 
variations in the test points it is believed that no definite conclu- 
sions ean be drawn from the slight differences of curves on Figs. 
16 and 17. 


In this paper the repeated voltage applications were made with 
60-cycle voltage over periods of time of about a minute in order 
of magnitude, while the time of voltage strain in service due to 
lightning surges would be measured in microseconds. It will 
probably be of interest to show the effects of repeated voltage 
impulses of such short-time waves. Fig. 2 shown here gives the 
average results of a great number of tests made in the Westing- 
house Research Laboratory. The material tested was 0.015- 
inch sheet fullerboard- under oil. The rapidly applied break- 
down strength (5 to 10 sec.) with 60-cycle voltage is called 100 
per cent. The curve gives the dielectric strength compared to 
the 60-cycle strength for various number of impulses. The im- 
pulse was obtained by charging a condenser until the voltage 
discharged through a spark-gap. The voltage impulse given to 
the insulation could be controlled by the constants of the circuit. 
The total time of the damped single wave of impulse for the tests 
shown was 4.0 x 10-® sec. so that on breakdown with one im- 


pulse the time of the voltage application was about 2.0 x 10-*° 
sec. The time interval between impulses was about 5 sec., hence - 


the energy was too small to give any noticeable heating. With 
500 to 1000 impulses the voltage breakdown strength was about 


2. “High Voltage Tests and Energy Losses in Insulating Materials,” 
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the same as the 60-cycle breakdown (rapidly applied). The fact, 
that this strength with an impulse of 2 X 10~-® sec. is only 60 
per cent higher than the 60-cycle, 5 to 10 seconds, breakdown 
seems remarkable. Such facts are also confirmed. by Peek? 
of the General Electric Company. 

This discussion leads up to the questions, what causes the 
“dielectric fatigue’ such as described in Clark’s paper, and in 
general, what causes insulation failure? It is known that under 
certain conditions insulation may fail due to accumulative heat- 
ing of small fibers in accordance with the Wagner’s pyroelectric 
theory. This may account for the recovery in insulation strength 
with a 2-minute rest as shown in Fig. 2 of the paper. In this 
ease the localized heating was non-sufficient to change the 
material. The results shown with the repeated voltage appli- 
cations in the author’s Figs. 8 to 18 show a deterioration in the 
insulation, since the time interval between tests was generally 
sufficient to remove such localized heating, it is evident that some 
of the insulation fibers were permanently injured by each voltage 
application. However, on the basis of this pyroelectric theory 
one would naturally expect mica to stand up much better than 
fibrous insulation, but the curve on mica, Fig. 18, does not differ 
much from similar curves on fibrous materials. The data given 
on Fig. 2 withs4-microsecond impulses can hardly be explained 
on the basis of the pyroelectric theory since the time of appli- 
cation is so infinitesimal compared to the time used in the other 
tests. It appears that the fibrous insulation might have a critical 
voltage similar to the breakdown voltage of air. Such a break- 
down might be explained on the basis of corona or excessive inter- 
nal ionization. Whether dielectrics have free ions and can form 
corona due to critical voltage stresses is problematical and little 
information is available. The difficulties of researches along 
this line are due to the heterogeneous composition of the common 
dielectrics. 

Corona may form in built-up insulation due to occluded air 
pockets, the results of which may form a chemical action on the 
insulation.. Sueh-action would cause permanent deterioration. 


This also does not explain the tests shown, since many of the 


samples were vacuum-dried and impregnated in oil. Also miea, 
whieh deteriorated about as fast as the fibrous materials, is 
especially resistant to this chemical action. 


Anderson‘ has shown that if a powerful condenser is discharged 
through a small wire the wire can be completely exploded into 
a gaseous residue. The time of the discharge being only a few 
microseconds, the heating effect is too small even to scorch the 
cotton covering on the wire. The breakdown of a dielectric 
sheet with such a voltage impulse seems to be of the same nature, 
as a small thread through the material may be completely re- 
moved without showing signs of burning. The explanation of 
such a phenomenon does not seem possible on the basis of 
electrostatic repulsion nor on the basis of electromagnetic forces 
due to the displacement current; it isa complete disassociation 
of the molecular structure. 


Joseph Slepian: The three papers on Study of Direct- 
Current Corona in Various Gases, Effect of Repeated Voltage 
Application on Fibrous Insulation and Corona in Oil illustrate 
two kinds of cumulative effects in insulation, a space-cumulative 
effect, and a time-cumulative effect. The space-cumulative 
effect arises from the fact that contiguous layers of insulation 
mutually influence one another so that the conductivity of one 
layer is communicated to the next layer, with a resultant eumu- 
lative mutual weakening of these layers under stress. 


For example, 1 em. of air will break down at 30,000 volts per 


em. gradient, but 0.001 em. of air withstands 300,000 volts per 
em. gradient. Thus, if a thousand layers of air, each 0.001 em. 


3. The Effect of Transient Voltages on Dielectrics,” by F. W. Peek, 
Jr. Jounnat A, I. E. E., 1915. 


4, “Spectrum of Electrically Exploded Wires,” by J. A. Anderson. 
Astrophysics, January, 1920. 


= 


Feb. 1925 


thick, are placed next to one another, they will exert a mutual 
cumulative effect upon one another in such a manner that each 
layer is respectively weakened by effects coming from other 
layers, so that the breakdown gradient is reduced from 300,000 
volts per em. to 30,000 volts per em. 

Similar results are obtained with liquid dielectries, or solid 
dielectrics. In Peek’s “‘High Voltage Engineering,” I find in one 
table that 1 em. of a certain grade of oil would break down at 
166,000 volts per em., whereas 1¢ em. of that same oil was able 
to withstand 364,000 volts per em., a gradient more than twice 
as great. Evidently by taking eight of these 14-em. layers and 
building up a whole centimeter, the mutual cumulative effect 
of these layers upon each other was such as to reduce the strength 
of each individual layer. 

In solid insulation, the breakdown voltage is not proportional 
to the thickness of the insulation, but to some fractional power 
of the thickness, which again demonstrates a space-cumulative 
effect. 

The mechanism of this cumulative effect is probably to .be 
found in the nature of conduction in dielectrics. The conduc- 
tivity is undoubtedly due to charged particles capable of motion 
in the material, and the effect of high voltage somehow is to 
increase the number of these charged particles. Withinsulation 
of any appreciable thickness, the conductivity produced by the 
high-voltage gradient at any one portion of the insulation may be 
communicated by direct motion of these particles to other por- 
tions, and vice versa, so that there results a cumulative effect 
of one layer upon the other, the increase in conductivity of one 
portion stimulating the increase of conductivity in other 
portions. 

In the paper by Crago and Hodnette, this mutual influence of 
portions of dielectrics upon each other is very clearly shown. 
Only the oil next to the wire was very highly stressed, but Crago 
and Hodnette observe and actually measure the decrease in 
dielectric strength and increase in conductivity produced at 
points rather remote in the oil. That this effect exists is not 
new, but I don’t remember seeing any definite quantitative 
information with respect to this for commercial transformer oil 
under ordinary operating conditions, so that the results they 
give are of very considerable interest and in some respects of 
considerable value. 

The other type of effect with which Mr. Clark is principally 
concerned is the time-cumulative effect. We consider now 
_ contiguous elements of time. An element of time in which the 
insulation is highly stressed will influence the conductivity or 
dielectric strength of the insulation in the following period of 
time, usually causing the conductivity to increase and dielectric 
strength to decrease; a period of low stress may also influence the 
period immediately following, usually by causing the conductivity 
to decrease and the dielectric strength to increase. 


This time-cumulative effect is not limited to solid insulation. 
In the ease of gaseous insulation, it is a phenomenon long known, 
but described ordinarily as spark-lag. High voltage may be 
applied to a spark-gap for a very brief time, with only a very 
small current fiow. If the voltage is kept on, this current flow 
inereases at a very rapid but nevertheless finite rate, until full 
breakdown takes place. Complete breakdown of a sphere-gap 
requires a few hundreths of a microsecond. The successive 
moments of stress all contribute to the breakdown. 


That a period of low stress tends to improve the dielectric 
properties of air is well known to the operating man. When 
an insulator flashes over, and the circuit breaker trips out, he 
closes it in again with the reasonable expectation that the rest 
given to the broken-down air will have permitted it completely 
to recover its dielectric properties. 

In oil we also have this effect and Crago and Hodnette give 
quantitative measurements on the time involved. In their 
curves they show the time it takes for abnormal conductivity to 
disappear during a period of low stress. 
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Of course, as one would expect, in the case of the gaseous 
insulation, the time-cumulative effect is exceedingly rapid, in the 
ease of liquids much less rapid, and in the ease of solids still less 
rapid. 

The mechanism of this time-cumulative effect is fairly well 
understood for gases. A high enough gradient in air will 
cause the production of charged particles which can serve as car- 
riers of current, but the rate at which new charged particles are 
produced is also proportional to the number of charged particles 
present. Thus the number of new charged particles produced in 
any time interval depends on the number of particles left by the 
preceding time interval. The theory of ionization by collision 
gives a very vivid picture of this process. 

In liquids and solids in all probability, similar phenomena 
take place, but in these cases another effect may contribute to 
the time-cumulative effect, namely, the heating of the insulation 
with resulting increase in conductivity. This aspect has been 
particularly stressed by K. W. Wagner in his pyroelectric theory 
of insulation breakdown. There is no doubt that in very many 
cases breakdown is caused by cumulative heating, but some of 
the data presented here today, and data given by others, notably 
Rogowskiin the Archiv der Elektrotechik show that the pyro- 
electric theory does not adequately explain dielectric breakdown. 
If the breakdown voltage for various insulating materials is ealeu- 
lated according to Wagner’s theory, using the electrical con- 
ductivity and thermal constants of the material as ordinarily 
measured, values are obtained very much larger than those 
obtained by experiment. 

With all these effects in mind, there is a point that I would like 
to bring out very emphatically, and that is that we have no right 
to speak of a breakdown gradient characterizing a dielectric 
material. 


The idea of a definite breakdown gradient probably rose 
out of the analogy with failure under mechanical stress. Any 
particular point of a body will yield mechanically if and only if 
the mechanical stress at that point reaches a certain definite 
value characteristic of the material, and independent of the 
stresses which may exist elsewhere. How natural to suppose 
that under electric stress also, the failure of any point in a body 
is determined entirely by the electric stress at that point. But 
it isn’t true! There is no definite breakdown gradient. Be- 
cause of the cumulative space effect, and the cumulative time 
effect, the gradient which may exist in any dielectric system 
when breakdown occurs will have no simple relation to the nature 
of that dielectric. This idea of there being a definite breakdown 
gradient characterizing materials is one that has colored our 
engineering thought on insulation for a long time: I believe it 
has done a great deal of harm and it is time that it. should be 
disearded. 


Only a few years ago I remember there was a very considerable 
discussion as to whether the breakdown in cables could be 
determined by the maximum stress in the cable or the minimum 
stress. In the light of the phenomenon that has been described 
in these papers such discussions seem to be meaningless. Even 
for a perfectly definite reproducible material, the gradient at 
breakdown will not be the same for this material with different 
thicknesses and with different arrangements of conductors. - 
There is no reason why it should be, according to the theory of 
breakdown in dielectrics and in the light of these effects that 
have been described. 

Lee and Kurrelmeyer, in their paper, take some time to discuss 
the adequacy of the theory of ionization by eollision in explain- 
ing their results, but 1 do not believe that this theory was quite 
fairly treated in their discussion and some of the conclusions 
which they say will follow from the theory of ionization by 
collision do not seem to me to be entirely warranted. 


One of the conclusions which they draw from this theory 
is that E divided by P should be a constant for any particular 
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gas. E is the gradient at the wire surface when corona begins 
and P, the pressure of the gas used. They state that E/P is 
proportional to E times the mean free path, and therefore is 
proportional to the energy acquired by an ion moving through 
the mean free path, and that this energy should determine 
whether ionization by collision takes place or not. 


If this were true, then the idea that there is a characteristic 
breakdown gradient would be justified, because then the break- 
down would be determined entirely by whether or not a certain 
definite stress had been reached. Now I have been trying to 
bring out the point that breakdown is not determined only 
by some definite stress being reached. 


The reason why this conelusion of Lee and Kurrelmeyer is 
not warranted is that the mean free path is not a real physical 
quantity. The mean free path in a gas is only a statistical 
quantity, an average quantity. If a large number of actual 
free paths are considered, it will be found that there are many 
very short ones, and a few very long ones. The average of them 
all is the mean free path, but there are always a few with much 
greater lengths. Jonization by collision will take place even at 
very low gradients due to these few very long free paths. Thus 
ionization by collision does not set in at a definite gradient, 
but it occurs weakly for small gradients and then more and more 
strongly as the gradients Increase. 


What is it that sets in at some definite voltage on the system? 
What sets in is an instability due to the mutual action of various 
portions of the ionized gas upon each other. Givena gas between 
definite electrodes ionization by collision will oceur at all volt- 
ages; there is, however, a certain voltage where the ionization 
produced in one portion of the gas so multiplies the ionization 
in the next portion, that working back on the first portion, there 
is produced a cumulative instability and a breakdown. 


The proper relation which should be expected, and which 
I venture to predict will be fairly accurately confirmed, is not 
that E/P shall be a constant, but another relation given by 
Paschen’s law. Paschen’s law connects the breakdown voltage 
for plane electrodes, the electrode separation and the pressure. 
Paschen’s law has been generalized by Townsend to cover the case 
of any shape of electrode, and Townsend’s generalization may be 
put in this way: if P is varied, and if at the same time the 
dimensions of the electrodes are varied so as to keep the ratio of 
the mean free path to the dimensions of the electrodes constant, 
then E/P will be constant. Hence in this case E/P will be a 
constant if the dimensions (here the radius of the wire) multiplied 
by the pressure is kept constant. It is only if the wire radius is 
varied in this manner that E/P will be-constant, according to 
the theory of ionization by collision. 


It is rather interesting to note that the formula of Peek is 
consistent with this condition. 


D. Bratt: I believe that it is justifiable in this connection 
to emphasize some general consequences of the purely thermal 
idea of breakdown that seem to be less realized than warranted 
by their importance, and which have a direct bearing on the 
subject of Mr. Clark’s paper. 


First, it should be noted that breakdown is caused by excessive 
eurrent, and that voltage as such has nothing whatsoever to 
do with the so-called ‘pyroelectric theory.’”’ We must therefore 
carefully distinguish between instantaneous breakdown and 
thermal breakdown, the former being caused probably by some 
sort of molecular yielding due to purely Newtonian forces. It 
does not appear that Mr. Clark makes this distinction in his 
voltage applications. 

The development of heat in a plate, subjected to voltage, not 
only leads to higher temperatures in the interior, but also to a 
re-distribution of voltage gradient, even though there be no 
internal free charges by assumption. 

The relation between current density and temperature should 
therefore be determined, and the subsequent numerical evalua- 
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tion of the obtained formulas should be based on tests of dielec- 
tric losses as a function of current density and temperature. 

The maximum stable current density can then be determined. 
We will get an expression of the following form: 


1.84 ce 
d Pa k 
where d = thickness of the plate 


» = thermal conductivity 
po = initial value of dielectric loss per em® 


Amaz = 


k = the logarithmic increment of temperature 
and the dielectric loss has been assumed to obey the law 
b watts 
[HN ye Oh cere 
em* 


The corresponding temperature rise inside the plate 


1.10 
k 


From these equations we obtain the maximum strength 


1.84 \ N 
by pok wv 


Where f = frequency, vu = the average dielectric constant 
estimated from the known temperature distribution inside the 
plate and previous d-c. tests of dielectric constant as a function 
of temperature. 

We have assumed here the simplest possible case, when the 
surface temperature of the plate is taken as reference level. 
This temperature is generally not known; therefore, the heat 
dissipation from the electrodes must be taken into account. 

It should be carefully noted that Emaz is independent at the 
plate thickness d, assuming as we have done, a homogeneous 
dielectric. 

The strength of the insulation is, therefore, determined by 


A 
pok we ; 
During a prolonged stress, the strength of most materials 
has been found to decrease. Thus, were it possible to keep our 


plate under maximum yoltage, we would have to decrease this 
voltage gradually in order to prevent breakdown. 


It is a very reasonable assumption that the cause for this 
decrease in strength, aside from the natural aging of the insu- 
lation, is nothing but the applied voltage itself, or still better, the 
energy developed. Any structural change in a material requires 
energy. 


Omax = 


Emaz aad 


neither pg uw or k alone, but on the factor q = 


For some time, 7, onward, the change in g becomes very 
gradual, and we could write, tentatively 


i 
g=4—a ar ener Oat 
Hi 


differentiating 
q 
Eve eye 
and according to the expressions found for Ener 
dq 
a ye A 
aT . 


(where A is a constant) 

Integrating, then, gives g = qo « 4 (F — To) 

Emax Will, therefore, according to the hypothesis made, 
asymptotically approach zero, and this result indicates in my 
opinion very definitely the danger of prolonged stresses near 
the breakdown point. 


Everything leads us to believe that this change in strength 
is an irreversible process. Therefore, if the material has been 
once so stressed, and the voltage then removed, nothing should 
lead us to expect a return. to the initial state. This does not, 
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of course, apply to moderate stresses, which have been found to 
improve the seougtlre in:many eases, usually due to some drying- 
out process. 

When studying the effect of prolonged or intermittent stresses 
on a solid dielectric, we believe it would be profitable to work 
along some hypothesis similar to the above. If correctly under- 
stood, the pyroelectric theory might yield results of great sug- 
gestiveness, and in this case, as always, a theoretical analysis 
prior to any experimental work offers the best possible guarantee 
against excessive laboratory expenses and results that have no 
general applicability. 

Incidentally, I might add that for a crucial test on the pyro- 
electric theory as such, direct current ought to be used instead 
of alternating current. This would eliminate internal charges 
and some other unknown factors. If this theory failed for 
direct current, it would certainly not be expected to be valid 
for alternating current. 

A. C. Crago: The most variable quantity which I have run 
into in engineering work has been the time of breakdown of 
dielectrics. So far as I know, it is the most variable quantity 
which we try to assign a definite value. We see in Mr. Clark’s 
paper that the time of breakdown is a decidedly variable quantity. 

I shall confine my discussion to the group of curves numbered 
8 to 18in Mr. Clark’s paper. Ishallreyview briefly the conclusions 
or the results which Mr. Clark has obtained from these eleven 
eurves as I understand them. 

First, that with oil-impregnated or oil-immersed fibrous 
materials, the cumulative effect of an intermittently applied 
voltage is directly additive; second, that with varnished mate- 
rials, the cumulative effect is not additive; third, that the cumu- 
lative effect is not directly additive in any case for shorter 
times of application than 30 to 15 per cent of the 100 per cent 
time. 

Using these results as evidence, Mr. Clark’s general conclusion 
is, I believe, that there is some permanent deteriorating effect 
on the insulation in all cases due to this voltage application 
which is not removed by the rest period between tests. 

After a rather detailed study of the data presented in Figs. 
8 to 18, I believe that although the above conclusion may be 
correct, it is not warranted on the basis of the data presented, 
because of the wide variation in the time required for break- 
down with a voltage continuously applied. 

The following table presents the range of values obtained in 
determining the “100 per cent” points of the group of curves: 


Fig. No. Lowest Highest Ratio 
8 0.40 1.60 4-1 
9 0.40 ITA 4.2-1 

10 0.50 1.55 3.1-1 
10 0.35 2.0 5.7-1 
11 0.35 1.8 5.1-1 
13 0.35 ie ea 5.0-1 
14 0.25 2.0 8-1 
15 0.5 Vets, 3-1 
16 0.2 1.85 9.2-1 
17 0.2 1.9 9.5-1 
18 0.2 2.5 12.5-1 
Average Range 6.3 to 1 


Obviously, if we use the average of five or six values which 
vary over such a wide range, the mean value is subject to a rather 
large variation. A calculation with an average variation of 50 
per cent from the mean, (which is found in some eases) shows 
that the probable error of this average is over 20 per cent. 

However, although the reasoning given above will account for 
errors in the values of results, it presents no evidence to show 
that the relation R J = K is not necessarily due to a porcisnase 
weakening which lasts over the rest period. 

I shall now present evidence for this. First, let me say that not 
all observers have found the effect Mr. Clark gives. EH. H. 
Rayner gives the following table for two thicknesses of Number 
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12 cloth immersed in oil, which it seems is comparable with the 
data of Clark: 


Recovery in varying periods of rest after 
application of 9000 volts for 1 minute (break- 
down at 9000 volts—1 4 to 2 minutes) 


Period to rest Time to break at 11,000 volts 


0 2.6 seconds 
1 min. 9.5 seconds 
2 min. 11:9 seconds 


12.0 seconds 


It will be seen that after a rest period of two minutes, the insu- 
lation stood the test voltage for practically as long as unstressed 
material. I cannot tell you how these results were obtained or 
the laboratory conditions under which they were obtained, but 
give them to you as a result which was published by E. H. 
Rayner under the title of ““High Voltage Tests and Energy 
Losses in Insulating Materials” in the Proceedings of the I. E. E. 
of 1912, Volume 49, page 214. 

Instead of assuming that there is a permanent effect on the 
insulations used in Mr. Clark’s tests due to high voltage stress, 
let us assume that when voltage is removed, the area under test 
returns, not to its original condition or to a poorer condition, 
but to the condition of a random point. That is, let us assume 
that it has the same chance to break down in 10 see. or 20 or 30, 
sec., as though we had chosen a fresh point on the insulation. 
What will be the result? 

Let us analyze one of Mr. Clark’s curves on this basis, taking 
as an example Fig. 8. 

Referring to this curve, we find, that there is one breakdown 
obtained at about 40 per cent of the time referred to as the mean 
value or the 100 per cent time, and that five tests have been used 
to obtain this average. This means that if we choose new points 
on the dielectric and apply voltage, approximately one time in 
five breakdown will occur in 40 per cent of the 100 per cent time. 
Of course, that cannot be a very definite quantity, because only 
five points are given here. 

Also, if we apply the voltage for 40 per cent of the 100 per cent 
time, remove it, move the electrodes, and apply it again for the 
40 per cent time, a breakdown will occur one time in five. 

Let us see now what happens when we apply voltage for periods 
of 40 per cent of the 100 per cent time and do not move the elee- 
trodes. Referring again to Fig. 8, we come down to the 40 per 
cent time and across till we strike the curve, and we find that that 
corresponds to a number of applications of 514, which I would 
consider an excellent check. That is, this insulation, whatever 
the cause of the variation, has acted in such a way that the curve 
could be explained on the basis which I have stated and will 
state again: that an insulation stressed under the conditions given 
does not return to its original condition, nor to a poorer condition, 
but to the condition of a random point. 

I have analyzed the eleven curves given, attempting to 
explain their shape on this basis, and I find that nine of the 
eleven give a reasonably close check and that two of these nine 
are more than explained by this assumption. 

After reading Mr. Clark’s paper I made some tests with oil, - 
using a standard Westinghouse test cup, which consists of two 
square-edged cylindrical electrodes 1 in. in diameter, spaced 
0.1 in. apart. The oil was stirred after each application of volt- 
age. The procedure described by Mr. Clark was used. Under 
these conditions, no permanent deterioration resulted, the oil on 
each application of voltage being fresh oil. 

I have prepared three illustrations showing the results. 
Fig. 3 shows the effect of applying 30 kilovolts to oil under the 
conditions given. I have shown the individual points obtained 
in getting an average 100 per cent point. The variation is very 
wide; from 8 per cent to 250 per cent of the average. 


The time was reduced to 70 per cent of the average time and 
new points were determined, getting a new distribution of break- 


fresh material 
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down time. That is, we applied the voltage for 70 per cent of 
this 71 seconds, or attempted to apply it for that long, and then 
eut off the voltage, stirred the oil, applying the voltage again, 
obtaining an average point which lies out at the value of 2. 
The time of application was then reduced to a little less than 40 
per cent of the average time, obtaining another average point. 
The testing voltage was reduced to 27 kv. (see Fig. 4). It was 
found that the average time for breakdown was 326 seconds. 
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Following a similar plan, we get a somewhat steeper curve than 
the one given for 30 kv. You understand, this is the 
same material, and that no permanent deterioration could occur, 
and yet we get a curve of this new shape. If we had had all these 
points lying right on the average point, instead of spread over 
a wide range as they are, then as soon as we had reduced the time 
to 70 per cent of the average time, we would have obtained no 
breakdowns. I realize that the number of points given here is 
not enough for complete proof, but it cheeks very well with the 
theory given. 

I have taken the two curves shown before, and plotted them 
together in Fig. 5, showing the differences obtained, and also 
plotting a third curve which has the equation R T = a constant. 
The object of this curve is to show that we can obtain almost any 

law by the conditions of test used; that is, even with the same 
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dielectric, we can get R T with a decreasing value, or with an 
increasing value. 

Let me repeat then, in a few words, the ideas I have tried 
bring out in this discussion of the paper. 

First, Mr. Clark’s paper explains the shape of the curves in 
Fig. 8 to 18 by the presence of a permanent deterioration in the 
dielectric. I have presented evidence attempting to show that it 
is not necessary to assume permanent deterioriation to explain the 
shape of the curves, the evidence being, first, an actual experi- 
ment by Mr. Rayner in which no permanent deterioration oc- 
curred with similar dielectries; second, an analysis of Mr. Clark’s 


CLARK: DIELECTRIC PROPERTIES OF FIBROUS INSULATION 


Teaneeenour A. By. He 


curves on another assumption; third, similar experimental curves 
where no permanent deterioriation did occur. 

It seems probable to the speaker that in actual tests the curve 
shape is the result of a combination of two factors, variation and 
deterioration. Only more consistent results for identical tests 
can determine this point. 

The most likely criticism of this discussion is that we are not 
dealing with the same thing in solid as in liquid dielectrics; 
that when we put a pair of electrodes down at a certain point on 
the solid dielectric, that point has certain properties which we 
will determine. Different points in the dielectric, it may be said, 
will vary widely, but a given point has rather definite properties, 
depending on the location of the electrodes. 

Of course this is a rather gopd point, but we can see that be- 
cause these variations are so very wide there must be something 
other than just a difference in the quality of the material to ex- 
plain these wide variations. Perhaps a very slight variation in 
test voltage may cause it. Perhaps the distribution of charges in 
the dielectric may cause the variation. Perhaps where we have 
it immersed in oil, actual movement of the oil due to osmosis in 
the fibers of the insulation may causeit. Perhaps a slight shift 
or change in pressure or distribution of pressure of the electrode 
oceurs. I do not offer a complete physical explanation based on 
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this other assumption, but I do feel that we are in danger in 
interpreting results based on averages determined from a few 
points which vary as widely as those shown in Mr. Clark’s tests. 

Herman Halperin: It appears to me that the results of the 
tests in Mr. Clark’s paper need not alarm the makers and users of 
high-tension, impregnated-paper insulated cables. 

Figs. 2 and 3 of the paper show that a preliminary application of © 
voltage, equal to about 60 per cent of the normal rapidly applied 
breakdown voltage, results in deterioration of only about 5 per 
cent and that after a rest period of three minutes the original 
dielectric strength is entirely recovered. 

For the 12-kv., three-conductor cables purchased by the 
Commonwealth Edison Company in 1924, the normal rapidly 
applied breakdown voltage on the new cable at the factory would 
be about 100-kv. to 150-kv. The full-reel, high-voltage tests 
which were applied to this same cable was 324% kv. for five 
minutes and this voltage corresponds to only about 25 per cent 
of the normal rapidly applied breakdown voltage of the cable. 
The acceptance test on the cable after installation and the 
subsequent proof tests are made at voltages considerably lower 
than those of the full-reel, high-voltage tests at the factory. 
The transient voltages, as found at several substations by means 
of needle gaps, are seldom as high as 324 kv., when operating the 
cable. Therefore, the ratio of the extra high voltages that as 
applied to cables to their normal rapidly applied breakdown volt- 
age is considerably below the ratio of 60 per cent which Mr. Clark 
used as his previous application of voltage, as pointed out in the 
previous paragraph. 

In Fig. 4 the effect of applying for 214 minutes a voltage of 
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about 65 per cent of the normal rapidly applied breakdown 
strength, is shown to cause a decrease of about 20 per cent in the 
instantaneous breakdown value of the insulation and,the de- 
crease in the voltage time curve at three minutes is only 12 per 
cent. So,one wonders whether or not the effect of this previous 
application of a high voltage would be further decreased if the 
voltage-time curve were extended to a matter of hours, months, 
or years. As Ihave previously pointed out, in testing high-volt- 
age cables, instead of using 60 per cent or 65 per cent of their 
normal rapidly applied breakdown voltage, the tests are at about 
25 to 30 per cent, so the effect of those tests are further minimized 
to a very small amount, as may be deduced from Mr. Clark’s 
work. 

In Fig. 7, the difference between Curves 2 and 3 show the effect 
of the long-time application of voltage at a somewhat lower stress. 
The difference between the two curves is only 3 per cent or 4 
per cent; hence it appears that nothing conclusive can be drawn 
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as to the effect of this application of 3300 volts for seven days, 
for any one familiar with breakdown tests knows that test re- 
sults, which show only a slight difference in dielectric strength, do 
not definitely prove any point, because the individual test re- 
sults are liable to vary about 10 or 25 per cent. In connection 
with this curve, it is gratifying to learn that Mr. Clark expects to 
continue this work of the effect of long-time applications at lower 
voltages. The stresses which he is using for long-time applica- 
tion correspond to about the stresses used in full-reel high- 
voltage tests at the factory, after correcting for the thickness and 
form of the insulation. 

Last year the Commonwealth Edison Company tested several 
200-ft. lengths of three-conductor, 12-kv. cable. Some of these 
lengths were new cable as received from the factory and others 
were used cable which was removed from the system due to 
failures. The tests were made at 46 kv. three-phase with neutral 
grounded, and were continued until breakdown occurred. When 
a given length failed, the portion near one end was removed in 
case that portion was short; that is, if we had a 200-ft. length and 
the failure occurred at the 175-ft. mark, the 25 ft. were removed, a 
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pothead was attached at that end and the test was repeated. If 
the failure oceurred near the center of the length, a short section 
of cable including the failure was cut out and a joint made. 
Then the length was again ready for test. This was repeated on 
the various lengths, with from three to six tests on each length. 

In the accompanying Fig. 6, the results of the tests on new 
cables are shown in the upper portion and those on old eables in 
the lower portion. In order to take into account the fact that the 
length of a given section of cable decreased due to cutting off 
portions, we plotted the product of the minutes to failure and the 
feet tested, against the number of the test on the length. For 
instance, on the second test, we took the results of all of the 
second tests on the various lengths, multiplied the minutes to 
failure of each section by the length of that section in feet, 
averaged all of these products, and obtained an ordinant of about 
11,000. In general, the increase in the life of the new cable was 
very marked, while on the old cable the product of the minutes to 
failure times feet tested remained practically constant. If the 
item of feet tested had not been considered, then the increase of 
minutes to failure would have been greater for both old and new 
cables than shown in the chart. 

Similar tests at higher voltages have been made on three- 
conductor, 33-kv. cable and the results are similar to those shown 
in the figure. That is, on the 33-ky. cable the average time that 
the section withstood the second and third tests was greater than 
the time which it withstood the first and second test, respectively. 

These tests, which were made at nearly four times the operat- 
ing voltage, indicate that one application of voltage of five to 
fifteen minutes at three or four times the operating voltage should 
produce practically no deterioration of the cable and should not 
affect its life in service. 

E.S. Lee: Inconnection with Dr. Slepian’s remarks regarding 
the effect of small laminations of the material as opposed to a 
greater thickness of the material, I want to bring to you some- 
thing that we have noted, to see whether other folks have noted 
it because I think it is of great interest. 

In Fig. 7 herewith results of dielectric strength tests on some 
black varnished cloth with both direct and alternating current 
are shown. It is interesting to see that while the relation be- 
tween breakdown voltage and thickness for both alternating 
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current and direct current is approximately linear, the relation 
between dielectric strength and thickness for alternating current 
and direct current are quite different. This follows because the 
breakdown voltage-thickness curve with direct-current (extra- 
polated) cuts the z-axis, while the breakdown voltage-thickness 
curve with alternating current (extrapolated) cuts the y-axis. 
The point I want to bring to you is this: While the a-e. 
curve says we have a given voltage with no thickness, and 
the d-c. curve says we have a certain thickness with no 
voltage, the point I want to make is that they probably both go 
through zero. Whatever is happening there, then, appears to 


208 


be happening within the thickness of one sheet of material. 
This bears out what Dr. Steinmetz has said: that we will have 
to study very small distances between electrodes in our study 
of insulation. 

Just one other point: I did just as Mr. Halperin did in taking 
Mr. Clark’s results and referring them to rated cable voltage 
and test voltage; and I came to the same conclusion that he did: 
that we were notin thatrange. But I noticed that when voltages 
occur on the system within 200 or 300 per cent of normal rated 
voltage, they come within the range of Mr. Clark’s results. So 
it may be that in eable operation the results shown by Mr. Clark 
do enter: 

R. W. Atkinson: As in the case of the discussion of Mr. 
Clark’s paper authors of papers presented before the Institute 
are often criticized by physicists and engineers because not 


enough data are given, and authors are criticized by the Institute | 


management because the papers are too long. These viewpoints 
are not always mutually exclusive, but very often they are, and 
an author always has quite a problem to meet both viewpoints, 
which are both very well taken. But usually a compromise 
must be arrived at, and usually both sides have some remaining 
good’ grounds for criticism. 

I am very glad that Dr. Whitehead and Dr. Slepian have 
emphasized the fact that the pyroelectric theory of breakdown 
brought out by Dr. Wagner and Dr. Steinmetz is limited in 
application. Unquestionably this theory can explain break- 
down in many cases and unquestionably in many cases break- 
down is of that character, but I am convineed that in many cases 
it is not. 

There is one conclusion in Mr. Clark’s paper that is very 
directly applicable to cable insulation in general. I do not 
know that it makes very much difference whether the explana- 
tion of the conclusion is deterioration, or whether the explanation 
is the random effect suggested by Mr. Crago, but this conclusion 
is that the total breakdown time for a given voltage is often or 
usually somewhere nearly independent of whether one test is 
made on a cable or several. If insulation will break down at a 
given voltage on an average in one hour, it does not make a great 
deal of difference whether it is ten 6-min. tests or one 1-hr. test. 

That is given with qualifications in Mr. Clark’s paper, and 
I think the qualifications apply. But in general it has seemed 
in tests on samples of cable insulation and in reel lengths that that 
general conclusion applies. 

F. W. Peek, Jr.: It is a well established fact that when 
voltages above a certain value are applied to insulation, damage 
is done. If a succession of over-voltages is applied, the effect 
is accumulative. This is perhaps more simply shown by the 
following experiment with impulses of short duration than by 
Mr. Clark’s data. <A voltage is readily found at which a single 
impulse will cause failure. If this voltage is lowered somewhat 
it may require ten impulses to cause failure; at a still lower 
voltage one hundred, ete. Finally a voltage is reached where 
there is no failure on any number of applications. The cumu- 
lative effect of the successive impulses of over-voltage is not a 
pyro effect; it is not due to an accumulation of the heat from 
each application because it does not depend upon the time be- 
tween applications. It is caused by a disruption or tearing apart 
of the material without burning. Of course, this disruptive 
effect is quite different with different types of insulations. With 
certain electrically brittle insulations the effect is marked. With 
insulation built up of laminations filled with oil the effect is 
probably a minimum because damage is repaired by the flow of 
the oil. I think that Mr. Fisher’s discussion illustrates this. 

In addition to the above disruptive effect, there is without 
doubt a pyro effect. The pyro and conduction effeet becomes 
predominant in certain insulations for moderate ‘‘over-voltages”’ 
and comparatively long times of application. The theory, now 
generally known as the Wagner theory, fails, I believe, in thatit 
does not consider all of the variables. The mistake must not 
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be made in neglecting either the disruptive or the pyro and 
conducting effects. Whether one or the other is the predominant 
cause of failure depends upon the conditions. 

D. W. Roper: In the test described by Mr. Halperin the 
lead sheath of the cable was very thoroughly grounded so the 
operators could go along and feel the sheath with their hands and 
determine the location of the hot spots which developed through 
local heating. These hot spots were marked, for the purpose of 
orienting the subsequent failures. The failure occurred in the 
maximum hot spot in about 40 per cent of the cases. In 25 per 
cent additional, the failure occurred not in the maximum hot 


spot, but in some other spot where the heating was appreciable. 


About 35 per cent of the failures occurred where the temperature 
was normal, that is, where there was no hot spot. So that the 
number of cases in which there was no pyroelectric effect was 
about equal to the number of cases in which the heating was 
apparently due to the pyroelectric effect described by K. W. 
Wagner. 

Cc. E. Skinner: I have been very much interested in Mr. 
Clark’s conclusions, particularly in view of my paper entitled, 
“Energy Loss of Commercial Insulating Materials when Sub- 
jected to High Potential Stress,’ published in the 1902 TRrans- 
ACTIONS of the Institute, page 1047. I would especially refer 
to the numbered paragraphs, 1 to 8, inclusive, pages 1050 and 
1051. My tests were made with the view of determining the 
effect of continued stress of various intensities and frequencies, 
but many of the conclusions from these tests anticipate those 
given in Mr. Clark’s paper. For example, this statement 
appears, “The final breakdown in fibrous materials usually re- 
sults from the burning of the material and not from mechanical 
rupture.”’ My paper discusses the general question under the 
headings, ‘Variation of Temperature due to Variation of Stress,’” 
“Variation of Loss due to Variation of Temperature,” ‘‘Variation 
of Loss due to Variation of Voltage,” and ‘“‘Variation of Loss due 
to Variation of Frequency.” Mr. Clark has given the results of 
experiments made from a somewhat different viewpoint and it is . 
naturally gratifying to find that where parallel conclusions are 
reached, they are substantially the same as those arrived at by the 
very crude instruments and methods available to us twenty-two 
years ago. 

V. M. Montsinger (by letter): Mr. Lee has men- 
tioned one very interesting: point and that is the variation of 
dielectric strength with thickness. I cannot quite agree with 
Mr. Lee in that if the first layer is neglected, the points fall on a 
straight line on coordinate paper, or in other words that the 
dielectric strength is proportional to the thickness. 


An examination of a large number of tests made on various 
kinds of fibrous insulation shows that in almost every case the 
points fall on a straight line on log-log paper. This means that 
the strength vs. thickness can be expressed by the expression: 

K. V. = AT”, where A is a constant 7 the thickness and 
n a numerical value depending mostly on the treatment of the 
material. 

If the material is untreated the value of n is close to unity: 
If the material is well oil-soaked or varnished, the value is around 
2/3 or perhaps 34. However, if the layers are very thin in the 
order of a few mils it is often found that the strength of the first 
layer is higher than the line indicates it should be. The effect is 
perhaps the same as what we find for air and oil, namely for very 
small distances the volts per mil goes way up and departs 
entirely from the law that holds for the larger thicknesses. 

As stated in Mr. Clark’s paper, there is scheduled for publica- 
tion in the near future, an article by Mr. Clark and myself on the 
subject of dielectric strength vs. thickness and in which the sub- 
ject is diseussed more thoroughly than is possible here. 

In reference to Mr. Bratt’s formula, which states that the 
maximum strength is inversely proportional to the frequency of 
the applied voltage, I would like to point out that while strength 
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decreases with an increase in frequency, it is not in any way 
inversely proportional as indicated by the formula. 

The results of a large number of tests covering a range of 
frequency from 25 to 420 cycles show that the factor F should 
have an exponent M whose value is approximately 0.137 for solid 
insulations. The difference in strength depending on whether 
the value of the exponent is 1 or 0.137, is of such a large magni- 
tude that it cannot be neglected. For example, if the strength 
was inversely proportional to the frequency, the dielectric 
strength at 420 cycles would be !/; or approximately 14 per cent of 
the strength at 60 eyeles. Asa matter of fact for solid insulation 
the 420-cyele strength is approximately 75 per cent of the 60- 
eycle strength. 

Full details covering this subject are given in my paper on 
“Effects of Time and Frequency on Insulation Tests of Trans- 
formers’? appearing in the 1924TRansactrions A.I.E.E. p. 337. 


F. M. Clark: I would like to put one thing over and that is 
that I do not believe that I am attacking the pyroelectric theory 
of insulation failure. 
Dr. Whitehead and others rise to the defense of the pyro theory in 
statements with which I can heartily agree. 


Any discussion of the heat theory of insulation failure, gener- 
ally involves, sooner or later, a discussion of ‘‘weak threads,” 
conducting particles and the like, and such a talk usually ends in 
a thorough condemnation of the paper manufacturer. I ean 
not agree that the paper or cloth, or whatever may be the solid 
coneerned, is the sole seat of the weak spots involved. - There are 
all sorts of ways in which a weak spot may be formed not even 
remotely involving the characteristics of the solid itself. From 
work which I have done, enumerated in this paper and other- 
wise, it seems as if a weak spot might actually be formed as a 
result of the voltage application. For example, we know that 
some molecules are unsymmetrical and polar. They thus pos- 
sess the property of attracting other molecules. The water 
molecule has such a property and if present in oil it would be- 
come attached with its positive pole or its negative pole as the 
case may be toward the second molecule involved. This in 
effect would lead to a molecular polarization in the liquid di- 
electric possessing all of the characteristics necessary for a weak- 
spot formation. A thorough study of Fig. 17 will reveal the 
possibilities of this idea, in connection with the apparently 
cumulative effect of voltage upon insulating materials. 


If we assume this explanation, it will explain a large number 
of the questions raised in the discussion, I cannot take up all of 
these but there are several to which I desire to reply. 


Mr. Fisher and others have pointed out that apparently with 
viscuous materials such as impregnating agents the effect of 
voltage application on cables is negligible. In view of the fact 
that the cable cited by Mr. Fisher was apparently very well 
treated and voids eliminated no objection can be raised on that 
score. But does Mr. Fisher not consider the fact that it is some- 
what remarkable that every time his cable broke down and he 
repaired it, the next break was at about the same voltage? If 
we assume that each time a break appeared, we are removing a 
weak spot, the next breakdown ought to be higher. In other 
words, by removing the weak spots of the eable, the actual break- 
down ought to rise gradually with each succeeding test. The 
fact that it does not, might be explained from the standpoint of a 
cumulative voltage effect. 

I ean only remind Mr. Skinker that it is realized that further 
study must be given to the effect of voltage application involving 
longer times that an arbitrary limit of 15 min. As stated already, 
however, this phase of the research is at present being investi- 
gated and will be reported upon at the appropriate time. Fur- 
thermore, as far as can be detected with the oscillograph, the 
effects of surges cannot be used to explain the voltage effects set 
forth. The possibility of surges has been considered and elim- 
inated. Mr. Luke has referred to the researches of Rayner on 
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oiled cloth in which a long-time voltage application produced an 
effect which did not disappear during a rest period. Although 
no oiled cloth has been investigated in these researches, there is 
no apparent reason why its behavior should not correspond with 
that cited for oiled paper. Certainly its behavior must not be 
confused with that given for varnished cloth which Mr. Luke has 
apparently done. If we accept the case of oiled cloth as parallel- 
ing that for oiled paper then there should be no recovery from the 
voltage effect. This is clearly illustrated in Fig. 4 of the paper. 

Mr. Luke furthermore points out the mechanical effect of 
impulses. These results are in agreement with work of similar 
nature with which I am familiar. Apparently Mr. Luke has 
misunderstood the statement on the second page with reference 
to the behavior of fibrous oil-treated material heated between 
voltage applications and to mica. (Figs. 17 and 18). All 
actual voltage application has been carried out at room tem- 
perature. When the insulation has been heated between voltage 
stress, it has been cooled to reom temperature before the next 
application of voltage. We have never been able to obtain evi- 
dence of an additive voltage effect under such conditions. The 
effect is cumulative and somewhat erratic as shown in the figures 
mentioned but in no sense strictly additive. Mica has always 
been found rather erractic in tests of this sort but the results are 
in general of the same character. 

Mr. Bratt has brought out the necessity of carefully distin- 
guishing between an instantaneous breakdown and a thermal 
breakdown. This necessity has been recognized throughout 
and it is for that reason that the paper has been carefully separ- 
ated into three parts. The very short-time test results are 
shown in Figs. 1,2 and 3. Figs. 8 et seq. deal with breakdown 
involving thermal considerations. These two groups are con- 
nected by Figs. 4, 5, 6 and 7 showing the time-voltage relation 
involving a breakdown from those of ‘‘instantaneous”’ character 
to those involving thermal considerations. 

Mr. Crago has cited the work of Rayner in which a stress 
application of 11,000 volts produced a break in 12 sec. which 
was unaffected by a previous voltage application followed by 
sufficient rest period, the time of rest demanded being about 2 
min. A break involving only 12 sec: is of the same category as 
those designated in this paper as rapidly applied tests, involving 
roughly 10 sec. For breaks of this character, it is shown that a 
decided recovery of the insulation occurs during a rest period 
after a voltage application. Furthermore, as given in Figs. 2 and 
3 the rest period demanded is approximately 2 min. although 
influenced somewhat by the value of the initial voltage stress. 

Mr. Crago has claimed that the insulation after being stressed, 
returns not to the original value nor to a poorer condition but 
to a random point, which if I understand him correctly may be 
even better than the original. I can merely say that we have 
never observed that the strength of insulation when once sub- 
jected to high-voltage stress has returned to a value better or even 
as good as the original when such strength is estimated by tests 
involving thermal considerations, except in cases where the 
material has specifically been given a poor drying and oil-treat- 
ing process. Here, the results have obviously involved factors 
such as a further drying-out process, and the like, whose effect _ 
has overshadowed the effect of the applied voltage. 


Mr. Crago has objected to the conclusions of this paper on the 
ground that the results are based on tests involving wide varia- 
tions which he calculated as amounting in some cases to as much 
as 50 per cent from the mean. He cites researches to support 
his contention using oil as the insulation investigated and draws 
conelusions based on the data illustrated in his Figs. 4 and 5. 
And yet the results upon which his conclusions are based show 
such wide variations that it is surprising that they should be 
submitted as scientific data. Thus he stated that the average 
relation of maximum to minimum of the 100 per cent points in 
the data which I have submitted is as 6.3 to 1. The relation 
existing for the corresponding values of his research are as 33 to 
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1 for Fig. 4 and as 118 to 1 for Fig. 5, an average ratio of maxi- 
mum to minimum of 75.5 to 1. Stated otherwise, from Mr. 
Crago’s calculations of the variations in the data which I have 
submitted the deviations for the fibrous materials investigated 
ranges from as low as 20 per cent of the mean to values as high 
185 per cent of the mean. In Mr. Crago’s work he states that 
the variations of his Fig. 4 range from 8 per cent to 250 per cent 
of the mean value. For his Fig. 5, a study will show that the 
values range from about 2 per cent up to approximately 297 per 
cent of the mean value. Obviously, the factors involved in Mr. 
Crago’s work have not been sufficiently controlled and his results 
are condemned by his own contentions. 

But suppose we consider Mr. Crago’s results further. Why 
should his data suffer such a wide variation? Mr. Crago bases 
his experiments upon a time-voltage relation in oil. A study 
of pure liquid dieleetries and clean, dry oil in particular will reveal 
the fact that although the time lag is more pronounced than in 
air and other gaseous dielectrics, yet in no way is it comparable 
to that which has been found by Mr. Crago. It is only in the 
ease of wet oil or oil containing contaminating dust or fibers that 
such a marked time-voltage relation can exist. Thus obviously 
what Mr. Crago is measuring is not the dielectric strength of the 
oil and therefore not the effect of voltage upon oil but rather the 
time factor needed to line up these contaminating materials in 
the 0.1-in. test gap. Thus the time factor involved will entirely 
depend upon the chance arrangement of these materials at the 
time of the voltage application together with the resistance which 
they offer to being sucked into the dielectric field. This explana- 
tion gives a reason why Mr. Crago should get two entirely 
differently shaped curves when he uses 30 kv. as compared to 27 
kv. in his experiments. The 30 ky. will rupture, he finds, in 
71.7 seconds as opposed to 326 seconds when 27 kv. is used. The 
lower voltage should obviously take longer to line up the fibres, 
dust particles, ete., in the test gap. This, however, is not the 
whole story. In his Fig. 4 the minimum time to puncture is 
8 per cent of the 100 per cent time value or 5 sec. In Fig. 5 
the minimum time to puncture is 2 per cent of the 100 per cent 
time value or about 6.5 seconds. Unless the experiment was 
very carefully controlled, this means that the oil broke down al- 
most immediately when the full voltage was impressed across 
the gap. Such a breakdown could be explained by the chance 
“bridge” arrangement of a contamination in the gap at the 
moment of voltage application. One would not expect under 
these conditions that the number of repetitions of stress times 
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the time of each repetition to break down would be constant. 
Rather would one expect that with high voltage and therefore 
a very short time of repeated voltage application, the product 
of the factors mentioned might possibly be greater than the 
original continuously applied (100 per cent) value, since in this 
ease the breakdown would almost entirely depend upon the 
chance arrangement of a conducting bridge across the test gap 
at the time the voltage was impressed. With lower voltages 
and longer time for the repeated voltage application, obviously 
the second factor, the sucking of the contaminating material 
into the field would play a much larger part. The product of 
R X T might even be smaller than the original 100 per cent time 
value. This is because of the fact that although the importance 
of the “sucking actions’’ of the field has not been diminished to 
any great extent, nevertheless the possibility of the chance for- 
mation of a bridge has been materially increased by breaking 
the voltage application up into steps and the stirring up of the 
oil between each stress application. I can thoroughly agree with 
Mr. Crago that under the conditions of his experiments, he could 
obtain almost any law by the conditions of the test used. 


The case of a 33-kv. cable has been cited by Mr. Halperin in 
which the average time a section withstood the second and third 
test was greater than the time it withstood the first. It must 
be remembered that in cable work failure may be due to a cause 
entirely foreign to the phenomenon investigated in this paper. 
For example, cable engineers recognize that a fundamental 
problem, in the manufacture of their product is the preparation 
and impregnation of the insulation in order to secure thorough 
drying and the absence of voids. When a cable fails prematureiy 
it is generally assumed poor, not because of the cumulative effect 
of voltage, but because of poor treatment, drying and other 
mechanical factors in its manufacture. Thus in the case of Mr. 
Halperin’s 33-kv. cable, is it not possible that the first failure, the 
second failure, etc., can be traced directly to some such cause? 
The removal of each successive section ought therefore to lead 
to higher.and higher breakdown stress until only: that insulation 
is left which contains a minimum of mechanically weak spots 
and thus allows the manifestation of the deteriorating effects 
due to the applied voltage. In the experiments of this paper, the 
use of a small vacuum-dried and well impregnated test specimen 
together with parallel-plane electrodes has prevented all such 
treating phenomena from being of major value and has thus 
allowed the effect of each voltage application an important place 
in the ultimate breakdown. 
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Synopsis.—LEzperiments were made to determine certain effects 
of high local voltage stresses in transformer oil. The resistiv- 
aty of the oil was measured by a special method immediately follow- 
ing a period of voltage stress. The results were: 

1. A greatly reduced resistivity when the stressing voltage was 
greater than that producing visible corona. 

2. A gradual increase in resistivity following removal of stress. 


HE recent increasing investigation of the mechan- 
ae ism of conduction and breakdown in dielectrics 
makes any additional data bearing on this subject 
worth while!. This paper discusses certain effects on 
electrical, physical and chemical properties of trans- 
former oil when subjected to high local voltage stresses, 
dealing chiefly with certain temporary changes in 
conductivity and dielectric strength resulting from 
this treatment. 
In the latter part of 1923, Professor H. B. Smith of 
Worcester Polytechnic Institute raised the question 
of the possibility of the temporary lowering of dielectric 
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strength of oil due to high local voltage stresses, such as 
might occur at sharp corners in a transformer, al- 
though visible corona might not be present. Investi- 
gations were undertaken to determine this effect at 
potentials both below and above corona voltage. 


RESISTANCE MEASUREMENTS 


A needle gap was used as a source of the high-voltage 
gradients. This gap consisted of a sharpened 0.05 
in. brass rod spaced 12 in. from a ground plate. It 
gave visible corona at 55 kv., r.m.s. 

* Both of Westinghouse Electric & Mfg. Co., East Pitts- 
burgh, Pa. ; 

1. See Bibliography. 
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The “rapidly applied” breakdown voltage was found for samples 
of otl which had been previously subjected to high voltage stresses. 
The dielectric strength varied in a manner. similar to the resistivity, 
but showed an actual improvement in dielectric strength when the oil 
was given a rest period of 15 minutes. 


Definite conclusions are given at the end of the paper. 
* * * * * 


It was decided to try the resistivity of the oil as an 
indicator of its quality. It seemed probable that any 
reduction in the dielectric strength of oil would be 
accompanied by a reduced resistivity. Various 
methods of measurement were tried in an effort to find 
one suitable. A microammeter with a sensitivity of 
10-7 amperes per scale division was placed in the circuit 
in series with the high voltage line (see Fig. 1) and 
properly protected, the 60-cycle alternating current 
passing through a condenser to ground and the direct- 
current passing through a high inductanceand themeter. 
A direct-current bias of 1000 volts was used, and the 
direct-current across the needle gap measured. The 
sensitivity of the meter was not enough for quantitative 
results, but deflections were found and increased with 
the voltage. No effect was noted at potentials lower 
than that producing visible corona. 
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_ Fig. 2A is a detailed sketch of the electrodes used in measuring 
conductivity 
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Attempts to measure conductivity between a pair of 
electrodes (Fig. 2) were more successful. These 
electrodes were brass disks with rounded corners. They 
were 114 in. in diameter, and 3¢ in. thick, spaced 0.10 
in. apart. The supporting ring was made of hard 
rubber, as were the tubes carrying the conductors to 
the electrodes. The assembled gap was suspended in 
the oil near the needle with the faces of the electrodes 
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in the same vertical plane with it, and at approximately 
the same level as its point. 

The conductivity of the oil was found by measuring 
the current flowing when 1000 volts d-c. was applied 
across the gap. This current was too small to be 
measured by available galvanometers. A novel type 
of meter was suggested by Doctor J. Slepian. This 
proved to be satisfactory for the service required. The 
circuit for it is shown in Fig. 2. It consists of a con- 
denser C in series with a 1000 volt generator G and the 
measuring gap. This condenser is shunted by a neon 
glow tube and a switch S. 

When switch D is closed and the generator is running, 
a small current passes across the gap, through the 
shunting switch and to ground. To measure this cur- 
rent, the switch S is opened, and the time required for 
the condenser to charge up to the glow voltage of the 
tube is measured with a stop-watch. The tube glows 
momentarily. The elapsed time is recorded. This 
operation is repeated as often as desired. 

The approximate conductivity is found as follows: 
The generator was excited to give 1165 volts at the 
terminals. The glow voltage of the tube is 325 volts. 
The exact equation for the resistance, assuming it 
constant is: 


fbi jeu. oo Ln eat ies 
ese « ( E, ) 
log. E,— BE; 


where 
E, is the generator voltage 
EH, is the glow voltage of the tube 
r is the resistance of the oil across the gap 
C is the capacity of condenser C in farads 
t is elapsed time in seconds. 
As a first approximation, when LH, is small compared 


to E’,, the current equation is, 
final condenser volts x capacity 
Average current = eT CR or ca oe eae 


C 
E, 5 ie and 


{= 
_ average gap voltage 
average current 
E, —1/2E, = E,—1/2E, t 
z E; one 
but H, — 1/2 FE, = 1165 — 162.5 = 1002.5 volts. 
Using 1000 volts the resistance is, 
1000 _t 
$25... 0 
This differs from the exact equation results by 1.1 per 


cent. For a capacity of 0.000115 microfarads and a 
time of one second, the resistance would be approxi- 
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mately 2.67 x 10! ohms. Converting this to resistiv- 
ity with the assumption that Ohm’s law holds, the 
resistivity per inch cube with the above conditions 
would be, 


(1.5)? 
4X 0.1 


This is resistance measured in one second. Sixty 
seconds seemed to be about the limit of time for good 
results. This corresponds to a resistivity of 2.8 « 10% 
ohms per inch cube. This method was simple and 
dependable, and gave the required degree of accuracy. 
In operation, the disconnect switch (Fig. 2) was 
opened. The desired stressing voltage was impressed 
on the needle-gap for a period of time. Immediately 
after removing this voltage, switch D was closed, and 
measurements of resistivity taken as indicated above. 


x X 2.67 X 10 = 4.73 x 10" ohms. 


DIELECTRIC TESTS 


The actual dielectric strength of oil subjected to 
high local stresses was tested with a Westinghouse 
standard test-cup (sharp-cornered disk electrodes, one 
inch in diameter, spaced 0.10 inches apart.) 


RESISTIVITY PER INCH CUBE 


20 40 60 80 100 120 
KILOVOLTS APPLIED ACROSS NEEDLE GAP 
Fie. 38—VARIATION oF RESISTIVITY WITH STRESSING VOLTAGE 


Resistivity measured with 1000 volts across 1/10 inch gap 


A sample of oil was drawn from the vicinity of the 
needle immediately after the stressing voltage was 
removed, and tested for breakdown, an average of five 
or more breakdowns being used. 


EXPERIMENTAL RESULTS 


A series of tests was made on Wemco A transformer 
oil. This oil had been used for miscellaneous testing 
purposes previous to these tests, but still had a dielec- 
tric strength of about 33-kv -r. m. s., which is an indi- 
cation of good oil. 

Fig. 3 shows the variation of resistivity with the 
stressing voltage, the voltage being applied for 15 min. 
Note the dip at 80 kv. and the lack of effects below 
55 kv., the corona potential. 

Fig. 4 indicates the way in which the resistance varies 


- with time after the stressing voltage is removed. The 


shapes of these curves vary considerably with individual 
tests. However; they all show: 1. That the low 
resistance is only temporary: 2. that a resistance meas- 
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ured about a minute after stressing voltage is removed, 
is about as accurate as a resistance measured during 
stressing, since in general, the time-resistance curve 
approaches the zero-time axis nearly at right angles to it. 

Fig. 5 shows the extent of the affected region around 
the needle. The curve shows that the effect of corona 
is very decided to a distance of one foot under the 
conditions of test. Since the effects observed last over 
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iS 
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TIME IN MINUTES 
Fie. 4—VartaTIon or Resistivity with Time Arter StTRESS- 


ING VOLTAGE IS DISCONNECTED 


a period of minutes, it would be very unlikely for them 
to be highly localized, as there would be a spreading 
due to diffusion. 

Fig. 6 indicates the effect of time of application of 
the high gradient on the dielectric strength of the oil, 
showing that most of the lowering of the dielectric 

strength occurs very quickly. 
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QL. BREAKDOWN IN KILOVOLTS 


0 


8 12 16 20 24 
INCHES FROM NEEDLE 


Fie... 5—ExtTent or THE AFFECTED REGION IN THR TANK 


The variation of dielectric strength with stressing 


voltage is shown in Fig. 7. The effects are not notice- 
able at voltages which do not produce visible corona, 
but become pronounced at higher voltages. The hump 
in the curve at 100 kv. is discussed later. 

The following table brings out very emphatically the 
temporary nature of the corona effects. For each of 
the three tests, the strength of a sample was measured 
in the test cup. Then a stressing voltage was applied 
to the needle gap for the indicated time. Two samples 
were then taken from the region near the needle. 
One was given a dielectric test immediately. The other 
was tested after 15 min. In each test, the lowering of 
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the dielectric strength disappears entirely, and an 
actual improvement occurs. 


Initial Stressing Time Resulting Breakdown 
breakdown kv. r.m.s. applied breakdown | after 15 min. 
32.8 120 15 min. 29.4 39.6 
29.6 100 15 min. 26.4 30.8 
29.6 100 j We se 25.0 30.2 


Attempts to find permanent effects on the oil due to 
the stressing voltage were unsuccessful. The con- 
ductivity of samples taken before and after stressing, 
was measured accurately several days afterwards. 
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Fig. 6—Tue Hrrect or DURATION OF STRESS ON THE DIELEC- 


TRIC STRENGTH OF TRANSFORMER OIL 


100 kv. applied on needle 


The percentage of unsaturates was also determined. 
The only variations in these quantities were such as 
could be accounted for by ordinary experimental error. 
The water content seemed to gradually decrease as the 
tests progressed, but varied with the number of tests 
rather than as any function of the stressing voltage. 


ACCURACY OF RESULTS 


It is not the desire of the writers to give an impression 
of great accuracy in the quantitative results obtained. 
As in most tests with dielectrics, the variations were 


wide. Toa certain extent, tests used in producing the 
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THE DreLectric STRENGTH OF TRANSFORMER OIL 


curves are selected tests. However, the tendencies 
and shapes of the curves are definite and are found in 
practically all of the tests made. It is this rather than 
the quantitative results which should be emphasized. 


DISCUSSION 


Certain parallels may be drawn between the effects 
of corona in oil and the phenomena of ionization in air. 
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The conductivity in both cases must result from the 
presence of charges capable of moving. The normal 
conductivity in air is due to a very few ionized particles 
which are always present. The normal conductivity 
of oil might be due either to the transfer of electrons 
from one metal electrode to the other across conducting 
particles, or to the presence of positively and negatively 
charged ions in the oil or of the oil, migrating due to 
the electric field. As the voltage stress becomes very 
great, molecules may be torn apart into plus and minus 
ions. Due to the relatively high viscosity, and the high 
molecular weights, the diffusion rate, and consequently 
the rate of recombination of the charged particles and 
their rate of migration in an electric field, is very slow. 
This would account for the persistance over a period 
of minutes of the effects noted. 

As to the effects on the dielectric strength: In air, 
the dielectric strength is hardly affected unless the 
ionization is intense enough to produce space charge 
and disturb the voltage gradient. In oil, the ionization 
necessary to produce a space charge will be much less 
since the mobility of the ions is so low. No attempt 
has been made up to the present to determine mathe- 
matically the possibility of space charge with the 
degree of ionization found in the experimental results. 
It should be possible to do this, and it will be attempted. 


The “hump” mentioned in the curves of kv. vs. 
resistivity and kv. vs. dielectric strength (Fig 3 and 
Fig 7) was unexpected. When the first curve of the 
dielectric strength was determined, a smooth curve was 
drawn withadownward curvature, assuming the 100-kv. 
value as high and the 80-kv. value as low. However, 
when the run was repeated several days later, a curve 
identical to the previous one was obtained. The same 
hump was later found to exist in the resistance values. 

One plausible explanation of this hump, and one 
which is presented because no better one appears, 
follows. 

Tests made with oil of low water content did not show 
the decided dip at 80-kv. It is possible that the size 
of water particles are such that they migrate rather 
rapidly at the 80-kv. value, so that they exist in the 
concentrated electric field in rather large numbers, 
thus affecting the breakdown. At the 100-kv. point, 
the migration may be so rapid near the needle that the 
water content is reduced. Unfortunately, the water 
content was not determined for the tests referred to, 
and the oil was later destroyed. 


CONCLUSIONS 


The above tests allow certain definite conclusions 
to be drawn: 

1. That, with the type of needle gap used, no 
appreciable effect on the electrical characteristics of the 
oil occurs below the point where visible corona starts. 

2. That above this potential, a phenomenon similar 
in some respects to ionization in air, occurs with oil. 
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3. That with the sample of oil used, the resistivity 
and breakdown do not continually decrease as the 
stressing voltage is increased. 

4, That the effects noted are produced in a very few 
minutes and are temporary in nature. 

5. That, since the effects described in this paper all 
occur only at voltage stresses which produce visible 
corona, they do not exist in properly designed com- 
mercial apparatus. 
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Discussion 


J. B. Whitehead: It has been known for a long time that 
liquid dielectrics of even the best type are subject to a moderate 
electrolytic dissociation, which means that the ultimate parts 
of the dielectrie are at all times, some of them, in a state of 
separation as regards their component charges—not.many, but 
some of them. 

The laws of conduction in liquid dielectries (and all liquids 
have some conduction) are in every way consistent with the 
theory of dissociation that has been built up for gases. It is — 
possible to ionize liquid dielectrics. It is possible to subject 
them to a regular ionizing ageney, and it is possible to measure 
the rate of recombination of the ions so formed. We have 
plenty of evidence to prove that liquid dielectrics may be ionized. 

So I think it was a great pity that Messrs. Crago and Hodnette 
should have gone to such great trouble to show that under certain 
circumstances oil may have an appreciable conductivity. The 
fact has long been known. 

Also, I would like to ask them whether they considered the 
use of the corona-tube as a method for investigating conductivity. 
It appears to me that if they had used a small tube and a small 
wire, the tube being filled with many holes, and immediately 
outside of it an insulated electrode, that they would have had 
not nearly the trouble in finding a method for measuring the 
current caused by the conductivity of oil. 


M. F. Skinker: While Mr. Crago and Mr. Hodnette were 
interested primarily in securing an answer to an engineering 
problem, itis to be regretted that they did not add a few 
refinements which would have insured freedom from errror. 


Let us see what is required for an accurate scientific investi- 
gation and try to outline what should have been done in these 
experiments. 


It is necessary that all conceivable variable factors be kept 
constant except those which you are attempting to correlate by 
the investigation. It sometimes happens that a factor cannot 
be. kept. constant and a correction must be made in the final 
result. This, however, should only be done as 4 last resort. 


In the experiments on corona in oil, we have to consider the 
electrical measuring devices, the oil, the electrodes, and the oil 
in contact with the electrodes. Fortunately, nearly every one 
takes care to see that the electrical measurements have a high 
degree of accuracy. 


With regard to the oil, the authors only imply that it was clean 
and dry by saying the dielectric strength indicated good oil. 
Why did they not attempt to purify the oil first? I might sug- 
gest that if some fine pieces of metallic sodium, or a little alumi- 
num chloride were mixed in the oil and then filtered, this would 
have removed all the water and almost all other impurities. 
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By an appropriate cover for the testing vessel impurities could 
have been kept out during the experiment. 

Care must be used with parallel plate electrodes which are 
close together for the electric stress may well be high enough to 
alter the spacing by several per cent. 

It should also be well known that catalytic action of the brass 
or common metals in the oil can materially affect the results of 
any experiment. The simplest and most effective way of pre- 
venting this would have been to gold-plate all metallic surfaces 
in contact with the oil, as done by Lee and Kurrelmeyeri in their 
experiments on gases. 

With these simple precautions the authors could have col- 
lected data that was really worthy of definite conclusions. 

The test of accurate data is in the following question: ‘‘Can 
this experiment be reproduced in another laboratory and exactly 
the same results obtained?”’ 

The test of properly recorded work is in the question: ‘‘Have 
all the conditions under which this experiment was performed 
been recorded, so that others may draw their own conclusions 
from the data?”’ 


If these two questions cannot be answered in the affirmative, 
the experiment is hardly worth publishing. 

I make this plea for more scientific work because I believe 
it is only in this way that we may eventually solve the insulation 
problems. 

J. A. Duncan: There are two significant statements in the 
paper by Messrs. Crago and Hodnette, namely: ‘‘This oil 
had been used for miscellaneous testing purposes previous to 
these tests, but still had a dielectric strength of about 33-kv. 
r. m. s., which is an indication of good oil,” and, ‘Unfortunately, 
the water content was not determined for the tests referred to, 
and the oil was later destroyed.” 


F. W. Peek showed in 1915 that a sample of dry transil 
oil had a dielectric strength of 62.3 kv., and that the addi- 
tion of moisture to the extent of one part in twenty thousand 
caused a 50 per cent deerease in dielectric strength, while twenty 
times this amount of moisture only reduced the dielectric 
strength sixty per cent. This certainly shows that it is the first 
trace of moisture which causes the greatest decrease in strength 
and indicates the importance of the removal of this trace from 
oil which is to be used for any scientific purpose. Of course, I 
do not know how ‘‘Wemeo”’ oil compares with ordinary transil 
oil, but whatever the relation may be, it is safe to say that com- 
parison would probably be more favorable to a recently and 
carefully dried sample of Wemeo than to one with a long and 
unknown past. 

I should like to suggest with Drager in the very paper cited 
by the authors that it may be the presence of moisture which 
provides the conducting particles mentioned by the authors 
in the first paragraph on the fourth page of the paper. On the 
other hand, attention was called to the fact that ‘‘as the 
voltage stress becomes very great, molecules may be torn apart 
into plus and minus ions.’’ Evidently they mean to consider 
the possibility of ions being formed by the actual disruption of 
the hydrocarbon chains into parts, each containing one or more 
carbon atoms, this in addition to those: formed by the simple 
removal of an electron from the molecule. Long carbon chains 
such as we have to deal with here are so easily broken up by the 
action of heat that it does seem reasonable to suppose that they 
might also be broken up by the action of the electric field. If 
such ionization does take place, and Dr. Whitehead has just 
told us that some ionization is known to occur, it could be 
identified by its effects on certain properties of the oil such as the 
temperatures at which various components of the oil would distill 
off from the remainder. When these long molecular chains do 
break it is not generally at the center. We have the possibility 
of ions containing anywhere from one carbon atom to one less 
than the normal number in the original oil molecule. The prod- 
ucts of recombination will then vary anywhere from neutral 
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molecules of two carbon atoms, which would be ethane gas, 
to one of two less than twice the normal number of carbon atoms. 
There, abnormally long molecules might again ionize and some 
of the ions recombine to form still longer and therefore heavier 
molecules. Such breaking up of the molecules and recombina- 
tion into molecules both lighter and heavier than normal is 
known to take place in oils when heated to sufficiently high 
temperatures. In fact, this action is the very basis of one of our 
well-known commercial processes for the manufacture of gaso- 
line from erude oils. 

I am sorry that the experiment on corona in oils was not 
continued far enough and long enough to give these recombina- 
tions a chance to occur in detectable amounts. The products 
are easily detected when present. The abnormally heavy 
ones will settle to the bottom of the oil as a sludge. The abnor- 
mally light components will distill off even at near room tem- 
peratures and are detectable by various means. There is one 
method of detecting the formation of the gases which although 
known long before my time was discovered independently by 
me in a very striking manner. It was by the simple process of 
bringing a lighted gas jet a little too near the mouth of a flask 
half filled with transil oil which had just been heated to slightly 
above the cracking point. In this case I am forced to join in 
the conclusion that unfortunately that sample of oil is no longer 
available for further tests. 


One of the conclusions is “‘That the effects noted are produced 
in a very few minutes and are temporary in nature,”’ and a curve, 
Fig. 7, is drawn which shows that the dielectric strength passes 
through a eyele. In this connection it seems well to emphasize 
the fact, and this applies not only to the experiment under dis- 
cussion but to all others as well, that because one property of a 
substance passes through a cycle all other properties pass through 
a cyele and return to their original value. One could name an 
endless number of cases in which this is not so, and Dr. Hans 
Staeger mentions one which is particularly applicable here.! 
Under the'influence of metals as catalyst, the acidity of an oil, 
for example, may pass through repeated cycles, while the sludge 
formation and contamination of the oil proceeds cumulatively 
with the total time. 


In that connection, I only want to refer to the conclusions 
which we have considered most important, and see whether they 
have not been drawn from the data presented. Probably the 
most important is a negative conclusion: ‘‘That since the effects 
deseribed in this paper all occur only at voltage stresses which 
produce visible corona, they do not exist in propecly designed 
commercial apparatus.” 

This was the main object of the tests and was, I believe, 
proved rather definitely. 

' The other conclusions you have already heard and they are 
in the paper. We feel that they are not extremely definite con- 
clusions, but have been definitely based on the work, the results 
of which have been given. 

I might say in connection with this catalytic action of brass 
electrodes that Mr. J. E. Shrader of the Westinghouse Company 
several years ago made a large number of tests on conductivity 
of oil using gold, copper, silver and brass electrodes, with results - 
so nearly identical that sprouse: were within the limits of 
experimental error. 

I wish to say in conclusion that I do feel that the paper presents 
data which should be useful as a guide for future work, that 
we get these effects at rather large distances from the electrodes, 
and that they do not oceur below corona voltages. 

A. C. Crago: I realize that those discussing our paper, 
“Corona in Oil,” have been at a disadvantage because the paper 
was printed within the last week. I believe that the scope of the 
tests has been somewhat misunderstood. For that reason I wish 
to give in more detail the reasons the tests were made and the 
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conditions under which they were conducted, reading two para- 
graphs from the paper. 

The tests as they were originally planned were intended to 
discover whether there were deteriorating effects in oil below a 
voltage which would give visible corona with certain type of 
electrodes in the oil. We, therefore, first made an attempt to 
find these effects. This was naturally an engineering problem, 
which we expected to solve in a short time. Since we did not 
find any effects below corona voltage, we continued the work 
further with higher voltages. The conditions were not greatly 
changed in extending the work. 


Quoting the paper: ‘‘In the latter part of 1923, Professor 
H. B. Smith of Worcester Polytechnic Institute raised the 
question of the possibility of the temporary lowering of dielectric 
strength of oil due to high local voltage stresses, such as might 
occur at sharp corners in a transformer, although visible corona 
might not be present. Investigations were undertaken to 
determine this effect at potentials both below and above corona 
voltage.”’ And: 


“Tt is not the desire of the writers to give an impression of great 
accuracy in the quantitative results obtained. As in most cases 
with dielectrics, the variations were wide. To a certain extent, 
tests used in producing the curves are selected tests. However, 
the tendencies and shapes of the curves are definite 
and are found in practically ail of the tests made. It is 
this rather than the quantitative results which should be 
emphasized.” 

Let us take the discussions in the order in which they were 
presented. Professor Whitehead has expressed regret that we 
have gone to the trouble to show that there is electrical con- 
ductivity in oil, and points out that this conductivity is in- 
fluenced by radioactive or other radiating sources. If the 
sole purpose of the paper had been to demonstrate the existence 
of these two well-known phenomena, we agree that the paper 
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would be without value. I believe that Professor Whitehead 
has misunderstood the purpose of the paper, which was not to 
show that there is a conductivity, but more to show the effects of 
a particular source of ionization, which may be found in practise. 
The use of the ‘‘corona tube’”’ was not considered. 


Mr. Skinker asks us two questions, which I will quote: “Can 
this experiment be reproduced in another laboratory and exactly 
the same results produced?”’ Certainly and emphatically no. 
The word ‘exactly’? cannot be used properly with respect to 
experimental results. 


“Have all the conditions under which this experiment was 
performed been recorded, so that others may draw their own 
conelusions from the data?’”’ All conditions have, of course, not 
been recorded. This is a physical impossibility. Whether 
conditions necessary for the conclusions drawn have been given 
must be judged by those who read the paper; not by the 
authors. 


I might say in connection with the catalytic action of brass 
electrodes, mentioned by Mr. Skinker, that Mr. J. E. Shrader 
of the Westinghouse Research Laboratory points out in an un- 
published paper that the conductivity of oil using gold, silver, 
brass, copper and nickel electrodes show no greater differences 
than the experimental errors. 


Mr. Dunean states that ‘dry transil oil had a dielectrie 
strength of 62.3 kv.’ omitting to state; 1. whether the value 
isr.m.s. or peak; 2. the shape and spacing of electrodes. This 
figure thus cannot be compared with that of 33 kv.r.m. s. given 
for Wemceo “‘ A”’ tested in the present Westinghouse standard-test 
cup. Most of Mr. Dunean’s discussion, although raising interest- 
ing possibilities and explanations of certain phenomena, is out- 
side the scope of the paper and does not affect the conclusions 
drawn. 


Note See also discussion of this subject by Joseph Slepian, 
page 202. 
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Synopsis.— With the increased magnitudes of short-circuit cur- 
rent obtained in modern busbar circuits, it becomes a matter of great 
importance to determine the mechanical stresses imposed on busbar 
supports during short circuits. The stresses are due to the electro- 
magnetic force produced by the current flowing in adjacent con- 
ductors in the bus.structure. When usefully applied, the electro- 
magnetic force propels electric motors, or sends the pointer of a volt- 
meter along the scale; but the same electromagnetic force when 
destructively applied may bring about rwpture of bus supports, 
distortion of conductors or even shut-down of stations. In the 
days when currents were low, or when large spacings between con- 
ductors were maintained, a support sufficiently strong to carry 
the weight of the conductors often was sufficient to withstand the 
stresses due to the electromagnetic forces, but with large short- 
circuit currents and with reduced spacing between conductors. a 
more accurate knowledge of the stresses due to the electromagnetic 
forces is absolutely essential to the designer. 

The electromagnetic force has been the subject of investigations 
in the past not only for the case of busbars but also for transformers, 
current-limiting reactors, and disconnecting switches. In the case 
of busbars, as well as in some of the other cases mentioned, the 
stresses resulting from the action of the forces applied are very 
materially affected by the mechanical vibrations produced. The 
vibrations of the busbar for example have been carefully analyzed 
by Biermannst who showed that a busbar rigidly supported could be 
considered as a single-element vibratory system similar to a sys- 
tem comprising a mass suspended from an elastic spring. In 
the customary busbar structures, however, the supports also are 
appreciably resilient, so that the busbar-insulator structure must be 
regarded as a system having two vibratory elements joined to- 
gether, v1. €., a, composite structure resembling, for instance, the 
system comprising a turbine rotor keyed to a flexible shaft, the shaft 
bearings being attached to an elastic base. 

Hence, the determination of short-circuit stresses in busbar 
supports involves a study of the transtent vibrations occurring in 
the busbar structure which is essentially a damped mechanical 
system composed of two vibratory elements and having two inter- 
related natural frequencies, the system being impelled during short 
circutts by a decreasing electromagnetic force having a unidirectional 
component and two harmonic components, one at current frequency 
and another .at twice the current frequency. . The electromagnetic 
force wpon the busbar itself is given by a well-known formula in- 
volving only the current magnitude, the conductor spacing, and the 
length of busbar span. This force, however, acts upon the busbar 
rather than on the insulator, and the insulator is stressed only 
indirectly, after a time lag, as a result of the bending of the busbar. 
Therefore, the likelthood of failure of the support hinges not only 
on the initial electromagnetic force but also on the rate of decrement 


INTRODUCTION 


HE design of busbar layouts calls for the deter- 
mination of the stresses occurring in the bus 
supports during short circuits, because the stresses 
in question may become sufficiently large to weaken, or 
even rupture, the supports. Moreover, an under- 
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of that force and upon the vibratory characteristics of the busbar- 
insulator system. 

This paper gives an analytical method of maximum. stress 
calculation based on all of the factors mentioned, for the basic 
case of a bus structure having long, straight, uniform, parallel 
busbars with equidistant, rigidly mounted supports of uniform 
characteristics. The method of calculation is a general one appli- 
cable to all cases of elastic busbars intermittently supported, 
irrespective of whether the conductors are placed face-on or edge-on 
with respect to the supports and irrespective of whether the supports 
themselves are stressed in bending tension or compression. 

The actual bus structure is, of course, often quite complex in- 
volving, for instance, the effects of tap connections, bends unequal 
spans, non-uniform current division. Special consideration may 
have to be given to these factors in many cases. Moreover, in 
structures with long spans where the forces so act as to cause relatively 
large busbar deflections, the tension set wp along the busbar may 
cause large secondary bending stresses in the supports, which 
stresses act in a direction at right angles to the stresses covered by 
the formulas developed in the paper. For this type of structure, the 
secondary stresses have often proved to be the controlling factors in 
design. 

The method of calculation presented here differs from those 
employed in the past, since the calculations used heretofore have 
only partially taken into account, or totally neglected, the oscil- 
latory characteristics of busbars and of supports. 

Since the natural frequencies of busbar structures range from, 
say, 10 to 300 cycles per second, mechanical resonance is within 
common possibility in buses of 25-cycle circuits as well as in buses 
of 60-cycle circuits. While not all cases of resonance give rise to 
stresses greatly in excess of those at non-resonance, resonance in 
some cases multiplies the stresses five or even ten times. It will 
often be possible by proper methods of design so to change the 
natural frequencies as to avoid the eases of resonance giving extra 
heavy stresses. c 

The analytical equations developed for stress calculation are 
inherently complex, but their results may be expressed with sufficient 
accuracy in the form of curves, each group of curves covering a wide 
range of cases. A representative curve ts givenin this paper in Fig. 1. 
The development and use of any practical set of working curves 
depends in a large measure upon a detailed knowledge of the 
mechanical characteristics of the structural elements involved. 

The following paper contains a discussion of the factors af- 
fecting support stresses and an outline of the practical procedure 
for maximum support stress calculations, including illustrative 
examples. The appendix contains the development of the equations 
used in the calculations. 

The equations have been confirmed by tests on miniature and on 
full scale structures. Typical test results are presented. 


standing of the factors affecting the stresses will often 
permit the designer to modify the layout so as to re- 
duce the stresses, and thus save material or prevent 
failure. Hence investigations have been directed to- 
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wards the calculation of support stresses due to elec- 
tromagnetic forces caused by short-circuit currents in 
busbar structures. 

The investigations involved are: 

Tests to determine the mechanical characteristice of 
busbar structures; measurements of the support stresses 
due to short-circuit currents in assembled bus struc- 
tures; an analysis of the electromagnetic forces during 
short circuits; an analysis of the vibrations of bus 
structures; establishing a practical formula for approxi- 
mate calculations of maximum stresses. 

The progress made in the investigation is, in a large 
measure, due to D. Basch, for his helpful counsel and 
practical suggestions; C. W. Frick, for effectively 
conducting tests and making calculations; and L. F. 
Woodruff for his valuable cooperation in the experi- 
mental and theoretical studies in the early part of the 
work. 

DEFINITIONS 

The electromagnetic force, as considered within the 
scope of ‘this paper, is the mechanical push or pull which 
is caused by the short-circuit current and its magnetic 
field, and which is exerted on the busbars; 2. e., it is 
the force tending to displace the busbars from their 
normal position. 

The support stress is the mechanical reaction of 
the support, the reaction being due to the elastic 
restoring forces set up in the support when deflected; 
7. e., the tendency of the support to push back towards 
its position of zero deflection in so far as the tendency is 
caused entirely by the resilience stored in the support. 
Hence the stress in a support is a direct measure of its 
approach to failure. For an elastic support, deflected 
within its elastic limit, the stress is proportional to the 
deflection regardless of whether the support is at rest or 
in motion. 


VIBRATIONS OF BUS STRUCTURE MusT BRE 
CONSIDERED — 


While it has been fairly well known how to predict 
the electromagnetic forces acting on. busbars during 
short circuits, the problem of determining the stresses 
imposed on the bus supports, as a result of the electro- 
magnetic forces, has not been fully understood, as 
indicated by the fact that calculations have frequently 
been made on the assumption that the maximum stress 
imposed on a bus support is equal to the maximum 
electromagnetic force calculated for one span of. the 
busbar. Actually, the support stress is ordinarily not 
of the same magnitude as the electromagnetic force per 
busbar span, on account of the vibratory characteristics 
of the busbars and of the supports. The peak stress 
on the supports may be far above or well below the 
maximum value of the electromagnetic force per span, 
depending on the natural frequencies of the busbar 
structure. Hence, stress calculations employing simply 
the peak value of electromagnetic force, or any other 
value of electromagnetic force, without proper allowance 
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for the motional characteristics of the bus structure 
can ordinarily be expected to give but a rough approxi- 
mation to the correct values. Since the methods of 
stress calculation employed in the past have only 
partially taken into account, or totally ignored, the 
oscillatory character of busbars and of supports, a 
method of calculation which includes the effects of the 
mechanical oscillations in the structure has been 
developed. 
OBJECT 


It is the object of this paper to present 

1. A brief review of the factors affecting support 
stresses. 

2. An outline of the basis for stress calculations. 

3. A practical procedure for approximate support 
stress calculations. 


REVIEW OF PRINCIPAL FACTORS AFFECTING 
SUPFORT STRESSES 


In order to arrive at a basis for stress calculations, 
the factors affecting the stresses must be considered. 
The principal ones are: The electromagnetic force, the 
current decrement, the mechanical characteristics of 
busbar structures, their motional resistance,- and 
mechanical resonance. 


THE SHORT-CIRCUIT CURRENT AND THE: ELECTRO- 
MAGNETIC FORCE 


The electromagnetic force acting on a pair of parallel, 
straight, current-carrying conductors (in the absence of 
magnetic bodies), is proportional to the product of the - 
currents. If, for example, the currents are symmetrical 
sine currents of constant effective values, the force will 
consist of a harmonic (alternating), component at 
double the current frequency superposed on a constant, 
(or direct) force component, the amplitude of the 
harmonic component being equal to the magnitude 
of the direct component. 

The maximum forces will result from short-circuit 
currents whose waves are displaced from the zero value 
of current. For example, in the case of a two-wire short 
circuit giving an initial sine-wave current fully dis- 
placed, 7. ¢., having the largest value of direct com- 
ponent of current, the electromagnetic force is com- 
posed of three parts: A harmonic component at current 
frequency, a harmonic component at twice the current 
frequency, and a direct component (of constant value 
if the decrement is neglected). The relative amplitudes 
of the two harmonic force components are, as is well 
known,* 1.38 for the first harmonic component and 0.33 
for the second harmonic component, if the direct 
component is equal to 1.0. The proportions given are 
not maintained throughout the short-circuit transient, 
because the current decrement does not affect all the 
foree components equally, as is indicated by the fact 
that the first-harmonic force component vanishes 
completely, while the second-harmonic amplitude and 
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the direct component are reduced to finite sustained 
values of equal magnitudes. Since the maximum 
stresses are reached during, .say, the first fifth of a 
second of the short circuit, the first harmonic com- 
ponent of electromagnetic force will always be a vital 
factor in stress calculations for displaced short-circuit 
currents. 

The foregoing considerations indicate, at once, the 
importance of the direct component of the short- 
circuit current on the stresses. If we compare the 
electromagnetic forces and their components at the 
beginning of the short circuit (two-wire short circuits) 
in the two cases, a, for an undisplaced (symmetrical) 
sine-wave current, and 0, for a fully displaced sine- 
wave current having the same peak value of alternating 
component as that in case a, we find, in accordance with 
Table I, neglecting the current decrements, that 

1. The fully displaced current. has an average 
value (or direct component) of electromagnetic force 
three times as great as that of the symmetrical current. 

2. The peak value of the electromagnetic force for 
the totally displaced current is four times as large as 
that of the symmetrical current. 

3. The symmetrical current has no first-harmonic 
component of electromagnetic force, while the totally 
displaced current has a first-harmonic component of 
electromagnetic force four times as large as the second- 
harmonic force component of either case. 


In the case of three-phase short-circuits, the currents 
are not in phase, nor are the amounts of displacement 
the same for ‘the three currents. Moreover, each 
. conductor is acted upon at any instant by two electro- 
magnetic forces, one from each of the other two conduct- 
ors. Examination of typical three-phase short-circuit 
currents has indicated that the total electromagnetic 
force acting on any of the three conductors has direct, 
first-harmonic, and second-harmonic components simi- 
lar in character to, but differing in relative magnitudes 
from, those of the two-wire short circuit. As a rule, 
however, the electromagnetic forces for two-wire short 
circuits in a given bus system are greater than those for 
three-phase short circuits, so that the stresses calculated 
for two-wire short circuits are generally the ones on 


TABLE I 


Comparison of Electromagnetic-Force’ Components for Fully Displaced 
and for Symmetrical Short-Circuit Currents, for Two-Wire 
Short Circuit 

The a-c. component of the fully displaced short-circuit current has the 
same amplitude as the symmetrical current. Wave-shape sinusoida! 
in both cases. Current decrement neglected. 


Components of electromagnetic 


force 
— —— Maximum 
Direct com- Ist 2nd Klectro- 
ponent* | Harmonic | Harmonic | magnetic 
Current Force 
Symmetrical sine cur- 
OUI, ssierou ste tatewohaiine aseees 0.333 0 0.333 0.667 
Totally displaced sine 
CUITONE..c sue «ee Pais 3 1-0 1.333 0.333 2.667 


*Average value of total electromagnetic force. 
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which to base the design. In some cases of second- 
harmonic resonance (or near-resonance) consideration 
should be given to the three-phase short-circuit stresses. 


THE CURRENT DECREMENT 


The current decrement, as already mentioned, 
causes a reduction, with time, of each of the electro- 
magnetic force components, each component having 
its own rate of decrement. Obviously, the decrements 
must be considered in stress calculations, particularly 
in view of the fact that the peak stress frequently 
does not occur until several cycles after the beginning 
of the short circuit. 


THE MECHANICAL CHARACTERISTICS OF 
BUSBAR STRUCTURES 


The relative magnitude of the electromagnetic force 
components discussed would be of little practical signifi- 
cance in the determination of maximum support stresses’ 
were it not for the resilient and oscillatory character- 
istics of the mechanical elements of bus structures. 
It is well known for instance, that, a hard-drawn 
copper busbar, when deflected through the customary 
range of amplitudes occurring in practise, has sub- 
stantially elastic properties, and is capable of oscil- 
latory motion when suddenly impelled by an external 
force, such as a short-circuit electromagnetic force. 
Thus a copper bus one-quarter inch thick by four inches 
wide, rigidly clamped to supports forty-eight inches 
apart, has a natural frequency of 16 cycles per second, 
when suddenly impelled in the direction at right angles 
to its faces. The plain 16-cycle motion will occur, for 
example, when a direct-current short circuit is suddenly 
applied to a pair of busses of the kind described, if 
the two bars are placed face to face. Likewise, when 
the current is suddenly switched off, the bars will tend 
to spring back to their normal positions, and similar 
vibrations at 16 cycles per second will be set up. The 
mechanical damping, which, in the presence of the 
magnetic field set up by thecurrent, includes the damp- 


‘ing due to eddy currents, will gradually reduce the 


amplitude of the free vibrations. 

The important points to be emphasized by this 
elementary example are; 1, that the reaction of the 
supports against the bar—a force which for the case in 
question is proportional to the deflection of the bar, if 
elastic and deflected through small amplitudes—will 
be a pulsating reaction (or stress) varying harmonically 
with gradually diminishing amplitudes, although the 
suddenly applied electromagnetic force is of constant 
value; 2, that the maximum support stress will be 
reached roughly 0.03 sec. after the application of the 
electromagnetic force; 3, that the value of the maxi- 
mum support stress for all supports but the terminal 
ones will materially exceed (by nearly 100 per cent) 
the electromagnetic force per busbar span; and 4, that 
stress pulsations will continue for a considerable time 
after the electromagnetic force is removed. The 
fourth point has no direct bearing on the maximum 
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support stress during short circuits, but is brought out 
to indicate the most decided difference between the 
support stress and the electromagnetic force as observed 
in this simplest of illustrations. 

If instead of the direct-current short circuit, an 
alternating-current 60-cycle short-circuit is suddenly 
applied to the busbars under discussion, there will be 
not only the 16-cycle free vibraticns at the beginning 
but also forced vibrations at 60-cycles if the initial 
current is displaced, and 120-cycle vibrations of much 
smaller (in this case negligible) amplitude, all oscilla- 
tions being superposed upon a direct component of 
deflection, the latter corresponding to the direct com- 
ponent of electromagnetic force. To put it in other 
words, the support stress has a natural-frequency 
component not present in the electromagnetic force 
and two forced-frequency components of relative 
‘magnitudes which differ from the corresponding com- 
ponents of electromagnetic force because the busbar 
responds rather selectively to impressed forces of 
various frequencies, being most partial to vibrations 
near its natural frequency. 

In the preceding simple illustration, the resilient 
and vibratory characteristics of the support have been 
totally left out of consideration by assuming the busbar 
rigidly clamped at its points of support. Actually, 
however, most bus supports are appreciably flexible 
in the sense that a force applied at the point of support 
of the busbar, as under short-circuit conditions, will 
materially deflect the support. 
ports possess sufficient resilience, if deflected within the 
range of safe deflections, to have oscillatory character- 
istics similar to those of busbar spans, as has been dem- 
onstrated by numerous tests. For example, a typical 
porcelain busbar support, tested without a busbar, 
had a natural frequency of 45 cycles per second, the 
frequency being measuréably modified by the mass of 
the busbar when clamped to the support. 

When busbars are mounted on flexible supports, in 


the customary manner, the motion of the busbar span,- 


as well as the motion of thesupport, shows two dominant 
natural frequencies which occur in combination in each 
of the two structural members when electromagnetic 
forces are suddenly applied. Accordingly, the support 
stress at the beginning of a short circuit contains two 
natural-frequency components in addition to the forced- 
frequency components. Furthermore, the forced-fre- 
quency support-stress components are related to the 
corresponding electromagnetic-foree components by a 
modulating factor involving both of the natural 
frequencies. 

To summarize:—the support stress during short 
circuits is, as a rule, materially affected by two natural 
frequencies due to the flexible and resilient characteris- 


tics of the busbar spans and of the supports. In view . 


of the two natural frequencies mentioned, bus supports 
respond selectively to impressed electromagnetic forces 
at different frequencies; hence, the magnitude of the 
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electromagnetic force and its mode of variation with 
time are not usually representative of the magnitude 
and mode of variation of the support stresses. The 
peak stresses denend most decidedly upon the natural 
frequencies of the bus structure. 


DAMPING DUE TO MOTIONAL RESISTANCE 
OF ELEMENTS OF BUSBAR STRUCTURE 


In view of the importance of the natural-frequency 
components of support stress, the effect of damping on 
their amplitudes must be considered. The damping is 
easily determined by test and is readily incorporated in 
the stress calculations. The tendency of some types of 
bus supports not to return completely to their original 
positions, after a given stress has been applied and 
removed, has been shown to affect the amount of damp- 
ing during vibrations. As a result of the various types 
of mechanical construction employed in bus supports, 
the magnitude of the damping and its effect on the 
peak stress differ for different types of supports, as 
demonstrated by test data. While the amount of 
damping is sufficiently appreciable to require considera- 
tion in ordinary stress calculations, there is not enough 
present in the customary structures to prevent, in 
some cases of resonance, stresses several times as great 
as those occurring at non-resonance, under otherwise 
similar conditions. 

In connection with the foregoing, attention is called 
to the case of bus supports which do not clamp the 
busbar, but merely guide it loosely, so that a sudden 
thrust upon the busbar may cause it to be slapped with - 
considerable impact against one side of the guides. The 
slapping effect is not generally desirable because of 
possible excess stresses, and when present must be 
allowed for in calculations. 


The conclusion is therefore reached that, in a great 
many cases, both the busbar span and the support may 
be regarded as substantially elastic bodies for stress 
calculations, but the mechanical damping during oscil-. 
latory motion must be properly taken into account. 
The natural frequencies, as well as the damping effect, 
are readily determined by tests and have been obtained 
for a variety of structural members, not only when 
tested separately but also when fully assembled as in 
practise. 


RESONANCE 


Resonance occurs when one of the electromagnetic- 
force components has a frequency equal to one of the 
natural frequencies of the bus structure. Since the 
natural frequencies of busbar structures range from, 
say, 10 to 300 cycles per second, resonance is within 
common possibility in buses of 25-cycle circuits as well 
as in busses of 60-cycle circuits. While not all cases of 
resonance give rise to stresses greatly in excess of those 
at nonresonance, the stresses may, in some cases, be 
multiplied five or even ten times, because the effect of 
resonance on the maximum stress depends not only on 
the damping due to motional resistance of the struct- 
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ural elements, but also, and to an even greater extent,— 
on the magnitude of the non-resonant natural frequency. 
It is best, of course, to avoid the cases of resonance 
causing extra-heavy stresses by suitable design of 
bus structures. 

7 BASIS FOR STRESS DETERMINATIONS 


An exact calculation of stresses taking into account 
the particular values of all the variables involved in 
any one problem would be extremely laborious, even 
if at all feasible. On the other hand, a method of 
approximately estimating maximum stresses on the 
basis of selected conditions and average representative 
constants has been established and is presented in 
this paper. The results so obtained are sufficiently 
accurate to be applicable to a large number of cases and 
have been found to be in reasonably good agreement 
with stresses observed in tests. Obviously, it would 
be a lengthy and costly procedure to make tests for 
_ the purpose of observing the stresses under the large 
variety of conditions met in practice. 

The technical analysis of test data and the application 
of theoretical considerations gave the following results: 

1. An analytical procedure for determining the 
support stress and its components in terms of the 
electrical and mechanical factors involved. 

2. A simple routine formula, which, with the aid of 
practical stress curves, gives the maximum support- 
stress. The curves are calculated by the method 
indicated in No. 1, and with the aid of experimentally 
observed constants. 

The analytical procedure for stress determinations 
involves an analysis of the mechanical forces reacting 
against the impelling electromagnetic forces during the 
vibrations of busbar and of support. In the stress 
calculations presented here elastic busbars and elastic 
supports were assumed and the two natural frequencies of 
the busbar structure were taken into account as well as 
the motional damping and current decrement. 
specific circuit conditions selected for the stress cal- 
culations are a sine-wave short-circuit current,* the 
maximum amount of displacement of current from the 
symmetrical position at the beginning of the short 
circuit, and separate rates of current decrement for 
each of the short-circuit current components. The 
theory upon which the stress calculations are based is 
outlined in the Appendix. 

PRACTICAL FORMULA FOR MAXIMUM STRESS 
CALCULATIONS 

The stress formula and the stress curve presented here 
are based on the following selected conditions: 

Two-wire short circuits with the maximum amount of 
initial current displacement. 

Average initial rates of current decrement applicable 

*While the analysis, outlined in the Appendix, has been applied 
to the basic ease of sine-wave currents, the procedure is, of course, 
readily applicable to currents having a number of harmonic 


components, such as, a two-wire short-circuit current having 
a decided second-harmonic component. 
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without material error to maximum stress determina- 
tions for short circuits in systems for which the short- 
circuit reactance does not exceed, say, 30 per cent. 

An average value of mechanical damping applicable 
to a variety of bus structures having copper bars and 
porcelain insulators. 

The application of the formula and of practical stress 
curves calls for the following data: 

1. Initial value of r. m. s. total short-circuit current 
Io, as obtained from accented short-circuit current 
decrement curves,t J, ampere. 

2. Length of busbar span between centers of sup- 
ports, / in. 

3. Dimension of individual busbar lamination 
(measured in the direction parallel to plane of deflection) 
@ in. 

4. Dimension of busbar perpendicular to a, 6 in. 

5. Center spacing between’ bars (or groups of 
bars) mounted on separate insulators, s in. 

6. The two natural frequencies f, and f.ofthe busbar 
structure; they are most readily obtained by a simple 
test. 

7. The frequency f of the current. 

The procedure is to calculate Fo, the electromagnetic 
force exerted on a length of busbar span by the initial 
r.m.s. value of total short-circuit current, from the 
formulat 


l 


BS = B10 SR SO kh el ei 


; Ib. per span§ 


and to obtain the maximum support stress P from the 
formula 

P=pF, \b. per support 
where » is the stress factor obtained from stress curves 
selecting the value of p corresponding to the two natural 
frequencies of the bus structure. Fig. 1 gives a sample 
stress curve for 60-cycle currents. 

Additional working stress curves, similar to that of 
Fig. 1, but covering the full range of natural frequencies, 
or other ranges of conditions, may, of course, be pre- 
pared by the same procedure. 


EXAMPLES OF STRESS CALCULATIONS 


Example No. 1 
Two-wire short circuit between phases A and B, in 
Fig. 3. Each bar 4 in. by 14 in. copper. 
I) = 15,000 amperes 
1 = 481, 
S$ .=-64n. 
*Bibliography No. 14. 
tAssuming uniform current*distribution in the conductors. 
§The factor k is a shape correction factor. It depends on the 
width, thickness and spacing of the bars, and allows for the well- 
known fact that the electromagnetic forces between bars are not 
always the same as those obtained on the assumption that the 
entire current is concentrated at the center of each bus. The 


value of k frequently differs from 1.0, especially in cases of 


closely spaced bars. The necessary values of k have been cal- 
culated and plotted by H.B. Dwight, Bibliography No. 11, 
and are reproduced here in Fig. 2. 


= 140s 

bo = fin 

15 cycle per sec. 
45 cycle per sec. 
= 60 cycle per sec. 


era 
I 


l 


Fy) = 4.5 X 108k 12 i 


To get the shape-correction factor, k 
eee te ==) 0.25 an, 


6’ =ib = 4 
s— a’ 5.75 a’ 0.25 
SPR Ee = 1.35 i Gia aad 0.063 


Then k = 0.94 from Fig. 2. Hence 


nN 


nN 


STRESS FACTOR, p 


Oo 


0 20 40 60 8 100 120 140 160 
f,~- LOWER NATURAL FREQUENCY 


Fig. 1—Curve or Stress Factor p 


For the calculation of maximum support stress during 60-cycle short 
circuits, for values of /;, lower natural frequency, ranging from 5 to 150 cyc. 
per sec. and for the value of fo, higher natural frequency, equal to 180 cyc. 
per sec. The maximum support stress'is pFfo, where Fo is the electro- 
magnetic force per busbar span for the initial r.m.s. (total) short-circuit 
current. 

The curve of p is calculated for the following specific constants (see 
Appendix). 

Mi = ne =5 
g = 12.6 
he 2.2 

Attention is called to the fact that the two natural frequencies /; and f2 
of the assembled busbar-insulator structure often differ very materially 
from the values of busbar natural frequency for rigid supports and of support 
natural frequency without the busbar. The differences in question are due to 
the support flexibility affecting busbar deflections and due to the busbar 
mass affecting support vibrations (compare, for example, equations (1) and 
(14) in the Appendix). 

A useful formula and a simple chart for the determination of the natural 
frequency of busbars with rigid supports are given by L. F. Woodruff 
(Bibliography No. 34), but do not apply to busbar-insulator structures 
with flexible supports. 


48 
Fy) =4.5 X 10 X 0.94 x 15000? x — 


Par 76. lb. per span 


P= p F 0 
p = 1.6 calculated by equation (33),* or from curves of 
stress factor similar to that in Fig. 1 plotted in accord- 
ance with (33). 
Then the maximum stress is 
P = 1.6 X 76 = 122 lb. per support. 
The support must be designed to withstand thisstress. 
The maximum electromagnetic force, however, is 


x 76 X 0.9? = 164 Ib. per span, where the factor 


= 
3 


le *Damping and current-decrement constants used are those 
given at the end of the appendix. 
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8 
3 is due to the relation between peak and average 


values of electromagnetic forces for totally displaced 
currents (see Table I), and the factor 0.9? allows for a 


x 1.0 


S 
aD 


S 
a 


SHAPE CORRECTION FACTOR , 
o 
~s 


S 
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Ss 
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Fie. 2—SuHare Correction Factor k ror THE CALCULATION 


or ELECTROMAGNETIC FORCE 


Prepared by H. B. Dwight and Published in the Electrical World, Vol. 70,° 
p. 523 

The electromagnetic force between parallel, rectangular bars is given 
by the formula 

F=45k [2 ae . 108- Ib. per span 
Ss 
where / is the length of span in inches, s the spacing between conductors 
in inches, and J the current in amperes. 

When the electromagnetic force is to be calculated between a going and a 
return conductor, each being a single rectangular bar of dimensions a by }, 
the values of a’ and b’ for the calculation of the shape correction factor k are: 

. a® = @and >’ = 6b : 

When several bars are clamped together in a group, the shape correction 
factor k may be computed approximately by considering the group to be 
replaced by a single solid conductor having the same outside dimensions as 
the group. Thus let the outside dimensions of the group be a’ by 6’, and 
obtain k from Fig. 2. The approximation is usually very close when uni- 
form current division between the laminations is provided—as, for 
instance, by proper transpositions—but may be less close when the current 
division is non-uniform. 


re Oinea 


A B 
Fie. 3—Tue Bus Srrucrure Consiperep In ExampiE 1 


10 per cent current decrement during the first half- 
eycle of short-circuit current. It is seen that, in the 
case under discussion, the peak electromagnetic force 
is more than 30 per cent larger than the maximum sup- 
port stress. 
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Example No. 2 
Two-wire short circuit between phases A and B in 
Fig. 4, each phase having two copper bars 4 in. by 14 in., 
with 14 in. air space between bars. 
I, =16,200 amperes 


}.="56 In. 
§ ~=*7.25 in. 
@ = 4 in. 

bi =" 14 ins 


f, = 26.5 cycle per sec. 
fo = 280 cycle per sec. 
f = 60 cycle per sec. 


Then 
l 
F > = 4,5 > 4 10-3 xk Bie 
where & is found from Fig. 2 with the aid of 
a’ =a = 4in: 
6? -==0).75.1n; 
In accordance with Fig. 2 
s—a’ SAS 6.69 
Bo bl eras ? 
Steen 5 oe 
b’ 0.75 ; 
t<— T4in-> 
_—_ 
BALBARY 
Fie. 4—TxHe Bus SrructurE CONSIDERED IN EXAMPLE 2 
and 
k= 1.05'from Fig. 2 
Hence 


Se = 96 lb. per span 
and the stress factor p, obtained from a curve similar 
to that of Fig. 1 (or by calculation from (33)) is 1.8 

Thus the maximum stress per support is 

P= 1-8 096, = 175 Ib: 

A test was made on the bus in question with a 25- 
cycle current, rather than a 60-cycle current. The test 
at 25-cycle per sec., gave a measured peak stress of 305 
Ib., for the same value.of initial r.m.s. short-circuit 
current, 7. e., 16,200 amp., as indicated in Fig. 8. The 
greatly increased stress at 25 cycles is due to nearly 
perfect resonance, the natural frequency f; = 26.5 
cycle per sec. being practically equal to the frequency 
of the fundamental component of electromagnetic 
force. It is therefore seen that in a given bus a short- 
circuit current of one frequency, say 25 cycle per sec., 
may produce a much greater stress than the same cur- 
rent of another frequency, say 60 cycles per see. 


Fo =4.5 X10 X 1.05 x 16,200? x 
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Example 3 

Busbar structure similar to that shown in Fig. 3, 
except that two 4 in. by 14 in. copper bars are mounted 
on each support and that the length of the busbar spans 
is 28 in. The two bars per phase are separated by an 
air space of 14 in. Calculate the maximum stress for a 
two-wire phase-to-phase short circuit. 


I, = 25,000 ampere 


bee) 25,10. 
$ = Gin. 
@.=- om 
bo ="410- 


f; = 20 cycle per sec. 
fo = 60 cycle per sec. 
f = 60 cycle per sec. 
k is found from Fig. 2 with the aid of 
A= OLD in: 


6) = 6 = 4 in. 
In accordance with Fig. 2, 
s— a’ 5.25 i 
ce Deer ene, piyeeen 
a’ % 0.75 dss 
Ue iad ye So PE 
and 
k= 0.94 from Fig. 2 
Hence 


48 
Fo=4.5 X 10-8 X 0.94 & 25,000? x ea 212 lb. per span 
The calculated stress factor p is 1.9. Thus the maxi- 
mum stress is 


P =1.9 & 212-= 403 Ib. per support. 


It is seen that the maximum stress is not excessive 
although resonance occurs, because the non-resonant 
natural frequency is well below the resonant frequency, 
as already indicated. 


RESULTS OF TESTS 


A large number of tests were made to check the stress 
calculations: 1, on small-scale structures of definitely 
known and readily adjustable mechanical character- 
istics and 2, on full-size typical busbar-insulator struc- 
tures with short-circuit currents up to 25,000 amperes. 
The results of the tests were in good agreement with the 
calculations. In the following will be given some of the © 
results obtained in the full-size tests. 

The support deflection curve (with time) as well as 
the busbar deflection curve (with time) were recorded 
by oscillograph, with the aid of specially designed dis- 
placement recorders. Moreover, the deflections of the 
insulators were measured for slowly applied constant 
loads, so that the support stresses could be calculated 
from the oscillographic support deflection records. 
The bus structures used had five or more uniform busbar 
spans per phase. 
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Test No. 1 

The object of this test was to compare test results of 
support stress with calculated results for a bus structure 
employing porcelain insulators with a long busbar span 
(56 in.) in which the bars were mounted face-down on 
the supports, as shown in Fig. 4. The center spacing 
between phases was 7.25 in., two 4 in. by 14 in. bars 


Fig. 5—OscinLoGRAM PERTAINING TO TxEst No. 1 


Upper curve: 

Middle curve: 

Lower Curve: 
maximum 


25-cycle current, initial r.m.s. value 14900 amperes 
Center deflection of busbar span 0.19 in. maximum 
Deflection of support at level of busbar center 0.15 in. 


being used per phase. The two natural frequencies of 
the structure were 26.5 cycle per sec. and 280 cycle 
per sec. 

In the oscillogram, Fig. 5, are shown in the upper 
curve the 25-cycle short-circuit current of 14,900 amp. 
initial r.m.s. value, in the middle curve the center 
deflection of a busbar span, in the lower curve the sup- 


0 0.5 1.0 15 20 25 3.0 
NO. OF CURRENT CYCLES ( FREQUENCY, 25~) 
0 0.02 0.04 0.06 0.08 0.10 0.12 
SEC. 
Fig. 6—CuURRENT AND StRESS Curves For Test No. 1 
Upper: Current from Fig. 5 
Curve A: Support-stress curve by test, from Figs. 5 and 7 


Curve B: Calculated support-stress curve, by equation (40) and on the 
basis of the following constants: jf; = 25 cyc. per sec., fo = 280 cye. per 
sec., f, = 25 cyc. per sec., mi =n. = 5, g = 12.6, h = 2.2 


port deflection occurring at the level of the busbar. 
Fig. 6 shows, in the lower part, the support-stress curve, 
A, by test (from Fig. 5) together with a calculated sup- 
port-stress curve, B, calculated for a lower natural 
frequency of 25 cycle per sec. (by equation (40) of the 
Appendix). In view of the almost perfect resonance 
obtained in the test, the stress factor for maximum sup- 
port stress is 3.5, meaning that the maximum support 
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stress is 3.5 times the initial average electromagnetic 
foree per span. Moreover, the maximum support 
stress is 75 per cent greater than the electromagnetic. 
force calculated from the maximum value of short-cir- 
cuit current (21,500 amperes) measured at its first peak. 

The load-deflection curve for the insulator appears 
in Fig. 7. 

In Fig. 8 reasonably good agreement is shown between 
test points and a calculated curve of peak stress for 
short-circuit current values ranging from 8000 to 
19,000 amperes, under the conditions of Test No. 1. 


% 0.05 O10 O15 020 025 
DEFLECTION, IN. 
7—LoapD-DEFLECTION CURVE FOR SUPPORT USED IN’ 
Trst No. 1 


Loads constant and slowly applied at the level of the busbar. Deflection 
measured at level of busbar 


indices 


Center spacing between phases 3.75 in. 

One 4 in. by 14 in. bar per phase 

Natural frequencies 26 cycle per sec. and 1380 cycle 
per sec. 

Test No. 2. 

The object of Test No. 2 was to compare test results 
of support stress with calculated results for a bus struc- 
ture employing porcelain insulators with a short busbar 
span (20 in.) in which the bars were mounted edgewise 
on the supports but face-to-face with respect to each 
other, as shown in Fig. 3. 


MAX. SUPPORT STRESS, LB. 


8,000 
INITIAL R.M.S. TOTAL CURRENT, AMP. 


8—ComPparison or MaximUM StRESSES BY TEST AND BY 
CALCULATION 


12,000 16,000 20,000 


InKels 


For conditions of Test No. 1 
Points obtained by test, curve by calculation 


Current frequency 25 cycle per sec. 

Initial r.m.s. current 19,900 amperes. 

In Fig. 9, curve A shows the experimental stress- 
time curve. Curve B was calculated for perfect tuning 
by equation (40) in the appendix. The early dropping 
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off of the stress oscillations observed by test is probably 
due to the somewhat non-elastic behavior of the sup- 
port at the heavier loads, as indicated in Fig. 10. 

In Fig. 11, the calculated peak stress at the higher 
current values is materially above the test points—a 
result consistent with the larger values of damping to 
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Fre. 9—CuRRENT AND STRESS CuRVES FoR TxEst No. 2 

Upper curve: 25-cycle current, initial r.m.s. value 19900 amperes 
Curve A: Support-stress curve by test 


Curve B: Calculated support-stress curve, by equation (40) and on the 
basis of the following constants: /; = 25 cyc. per sec., f2 = 130 cyc. per 
SCC ics 2b CYG. Der. seG., J. =i. = 5,.9 = 12:6; h = 2.2 


be expected. At the lower currents, however, test 
results and calculations are in fairly good agreement. 
Test No. 3. 

'. The object of this test was to measure the stresses 
occurring in a structure having supports of the insu- 
lated-rod type, where the damping resistance is low. 


300 


250 


200 


LOAD, LB. 


OPPO 02 
DEFLECTION, IN. 


10—Loap-DEFLECTION 
Trst No. 2 


Loads constant and slowly applied at the level of the busbar. 


030) 04905 


Fia. CurvVE FOR Suprporr UsEep IN 


Defiection 


measured at level of busbar. Where dips are shown, the load was reduced 


and subsequently increased. 


Accordingly the bus structure of Fig. 12 was employed. 
Each conductor of the two-conductor loop was a 4 in. 
by 3< in. copper bus, the center spacing between con- 
ductors being 7-25 in. and the longitudinal spacing of 
supports being 45.5 in. The lower natural frequency 
of the structure was 27 cycle per sec., while the higher 
one was 60 cycle per sec. 
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Curve A of Fig. 13 shows the support stress variation, 
by test, from the beginning of the short circuit for an 
initial current of 22,800 amperes. The maximum stress 
peak did not occur until after the fourth current peak, 
on account of the low damping rate. Examination of 
free-vibration records for the structure of Fig. 12 showed 
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Fie. 12—Tue Bus Structure UsEep ror Test No. 3 
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Fig. 13—CurreENt AND STRESS CuRVES FoR Trst No. 3 
Upper curve: 25-cycle current, initial r.m.s. value 22800 amperes 
Curve A: Support-stress curve by test 


Curve B: Calculated support-stress curve, by equation (40) and on the 
basis of the following constants: fi = 25 cyc.persec.,f. = 60 cyc. per sec., 
fc = 25 cyc. per sec., ny = no = 12, 9 = 9.7, h = 2.2 


that the resonance sharpness* (diminishing with in- 
creased damping) was more than double that found in 
Tests No. 1 and No. 2. With the aid of the higher 
value of resonance sharpness the calculated Curve B of 


Fig. 13 was obtained. The maximum experimental 


*Defined by equations No. (30) and No. (31) in the appendix. 
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support stress by test was 6.3 times the initial average 
electromagnetic force, on account of (1) the nearly 
perfect resonance and (2) the reduced damping resist- 
ance. 
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Test No. 3 


Loads constant and slowly applied at the level of the busbar. 
measured at the level of the busbar. 


Deflection 


‘Attention is called to an insulator calibration curve 
given in Fig. 14. 

Test results and a calculated curve of peak stresses 
for the structure of Fig. 12 are presented in Fig. 15, 
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Fie. 15—Comparison or Maximum Stress By Test AND BY 
; CALCULATION 


For the conditions of Test No. 3 
Points obtained by test, curve by calculation 


for short-circuit current values ranging from 14,000 to 
23,000 amperes. 
Test No. 4. 


In this test the elastic limit of a porcelain insulator, 
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similar to those used in tests 1 and 2, was considerably © 
exceeded. 

The conductor consisted. of two 4 in. by 14 in. copper 
bars mounted in the same manner as the one bar shown 
in Fig. 3; ; 

The bus structure when vibrating through small 
amplitudes had natural frequencies of 10 and 28 cycle 
per sec. 


Fia. 


Upper curve: 

Middle curve: 
maximum 

Lower curve: Deflection of support B at level of busbar, 0.36 in. 
maximum s 

Note: Supports A and B were adjacent insulators in the middle of the 
bus structure 


16—OscitLoGram PERTAINING TO TEst No. 4 


25-cycle current, initial r.m.s. value 18200 amperes 
Deflection of support A at level of busbar, 0.40 in. 


Fig. 16 is a test record showing a 25-cycle short-cir- 
cuit current of 18,200 initial r.m.s. amperes and two 
support-deflection curves (lower curves). The corre- 
sponding calculated stress curve, calculated for the two 
natural frequencies of 10 and 25 cycle per sec., is that 
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Upper curve; 25-cycle current, initial r.m.s. value 18200 amperes; 
(assumed fully displaced); decrement factors: g = 12.6, h = 2.2 

Lower curve: Calculated support-stress curve, for the current plotted 
in upper curve and on the basis of the following constants: f; = 10 cyc. per 
sec., fo = 25 cyc. per sec., fe = 25 cyc. per sec., m1 = ne = 5, g = 12.6, 
ano 


‘ of Fig. 17. The support load-deflection curve is given 


in Fig. 18. While the -experimental deflections from 
Fig. 16 clearly show the 10-cycle natural-frequency 
component, the 25-cycle forced-frequency component 
of stress is present but less pronounced than that pre- 
dicted from the calculated stress curve (Fig. 17). The 
discrepancy is due to the non-elastic behavior of the 
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support at the larger deflections which reached values as 
large as 0.4 in. 

Attention is called to the deflections and stresses of 
considerable magnitudes occurring in a direction op- 
posite to that of the electromagnetic force—an observa- 
tion made in a number of tests and consistent with pre- 
dictions by calculation. Bus supports must, therefore, 
be designed with reference to stresses of either direction. 
The maximum stress will be in the direction of the aver- 
age electromagnetic force. 


SUMMARY 


1. A method of calculating the mechanical stresses 
in busbar supports during short circuits is developed 
and presented. 

2. The method of stress calculation given here takes 
into account the following factors: The short-circuit 
current, its decrement rate, the electromagnetic force 
due to the current, the natural frequencies of busbar 
structures and their motional resistance. 

38. The method of calculation differs from those 


LOAD. LB. 


0 011 0.2 0.3 04 0.5 06 
DEFLECTION, IN. 
18—Loap-DEFLECTION CURVE FOR SupporT USED IN 
Trst No. 4 
Loads constant and slowly applied at the level of the busbar. Deflection 
measured at the level of the busbar. Where dips are shown, the load was 
reduced and subsequently increased. 


Fig. 


employed in the past since the calculations used hereto- 


fore have only partially taken into account, or totally 
neglected, the oscillatory character of busbars and of 
supports. 

4. Tests have demonstrated that not only the bus- 
bars, but also most types of supports are flexible and 
may be treated, for the purpose of estimating stresses, 
as having elastic properties. 

5. When busbars are mounted on flexible supports, 
in the customary manner, the motion of the busbar 
span as well as the motion of the support show two 
dominant natural frequencies which occur in combina- 
tion in each of the two structural members when electro- 
magnetic forces are suddenly applied. The natural 
frequencies are determined by a simple test, when 
feasible, or by calculation from the mechanical constants 
of busbar and of support. 

6. In view of the two natural frequencies mentioned, 
bus supports respond selectively to impressed electro- 
magnetic forces at different frequencies; so that the 
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magnitude of the electromagnetic force and its mode of 
variation with time are not usually representative of the 
magnitude and mode of variation of the support stresses. 

7. Since the natural frequencies of busbar structures 
range from, say, 10 to 300 cycles per sec., mechanical 
resonance is within common possibility in buses of 25- 
cycle circuits as well as in buses of 60-cycle circuits. 
While not all cases of resonance give rise to stresses 
greatly in excess of those at non-resonance, resonance 
in some cases multiplies the stresses five or even ten 
times. It will often be possible by proper methods of 
design so to change the natural frequencies as to avoid 
the cases of resonance giving extra heavy stresses. 

8. In the analysis of stresses presented the bus 
structure is treated as a two-element vibratory system, 
2. €., aS a mechanical system having two elastic oscil- 
latory elements joined together—a composite structure 
resembling, for instance, the system comprising a tur- 
bine rotor keyed to a flexible shaft, the shaft bearings 
being attached to an elastic base. 

The analysis of bus-support stresses presented here is 
applied to the basic case of a bus structure having long, 
straight, uniform, parallel busbars with equidistant, 
rigidly mounted supports of uniform characteristics. 
The method of calculation is a general one applicable 
to all cases of elastic busbars intermittently sup- 


- ported, irrespective of whether the busbars are placed 


face-on or edge-on with respect to the supports, and 
irrespective of whether the supports themselves are 
stressed in bending, in tension or in compression. 

9. The transient motion and stresses obtained by 
tests on full-size structures were found in most cases to 
be in substantial agreement with the results calculated, 
proper allowance for damping and current decrement 
being made in the calculations. Special calculations, 
not covered by No. 8 will, however, be required in the 
following cases: 

a. When a third pronounced natural frequency is 
introduced, due for example to a flexible foundation 
to which the insulators are bolted. A flexible foun- 
dation not only introduces additional possibilities of 
resonance, due to the third natural frequency, but 
also tends to alter the other two natural frequencies. 

b. When the bus supports do not clamp the bus- 
bar but merely guide it loosely. Excess stresses may 
occur and must be allowed for in the calculation. 

c. When the elastic limit of the supports or of the 
busbar is materially exceeded. Asa rule the limit of 
safe stresses is not materially above the elastic limit 
of the structural members. 

Moreover, consideration will sometimes have to be 
given to additional factors not covered in this paper, 
such as the effects, upon the stresses, of tap-connec- 
tions, bends, unequal spans, non-uniform current 
division, and longitudinal tension set up along the 
busbars and stressing the insulators in a direction 
at right angles to the stresses covered by the formulas 
developed in this paper. 


10. Approximate estimates of maximum support 
stresses in practical design may be made by multi- 
plying the initial average electromagnetic force per 
busbar span, which force is that due to the initial 
r. m. s. (total) short-circuit current, by a “‘stress 
factor,” equal to the maximum stress per support 
when the initial average electromagnetic force is 
unity. Representative curves of stress factor calcu- 
lated from the equations derived may be plotted with 


19—Busspar REPRESENTED WITH CONCENTRATED Mass 
M snp MoctntepD on Riaip Supports A, B 


Fie. 


respect to the natural frequencies. The curves in 
question are prepared on the basis of selected conditions 
and average representative constants so that one set of 
curves will be applicable with sufficient accuracy to a 
large number of cases. A sample curve of stress factor 
is presented in Fig. 1. 

11. The maximum support stress may occur before 
the end of the first cycle of short-circuit current, or as 
late as 0.15 sec. 

12. Attention is called to the deflections and stresses 
of considerable magnitudes occurring in a direction 
opposite to that of the electromagnetic foree—an obser- 
vation made in a number of tests and consistent with 
predictions by calculation. Bus supports must, there- 
fore, be designed with reference to stresses of either 
direction. The maximum stress will be in the direction 
of the average electromagnetic force. 


Appendix 
Calculation of Stresses in Bus Supports 


It is the object of this appendix to establish a pro-— 


cedure for estimating the maximum. short-circuit 
stresses in busbar supports. 


THE BUSBAR 


With some restrictions and exceptions, the busbar 
with its distributed mass, may be treated, in regard to 
its vibratory behavior and support stresses, as a simple 
elastic beam of concentrated rigid mass, constant 
stiffness, and motional resistance. 

a. Deflection of Support Neglected. 

Theoretically, a uniform bar, clamped to a pair of 
rigid supports, may be expected to have a composite 
set of free vibrations having a fundamental frequency 
and a number of overtone frequencies. Practically, 
however, test records of vibrations of several kinds of 
busbars show the vibrations at overtone frequencies to 
be hardly noticeable in the free vibrations occurring 
when loads are suddenly applied or suddenly removed; 
i. e., the free vibrations are practically thesameas those 
of a concentrated mass supported by an elastic spring. 
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If, then, M, is the equivalent busbar mass and S, its 
(constant) stiffness* an external force F, slowly applied, 
as in Fig. 19, to the mass originally at rest, will cause a 
deflection y of the mass M;, so that S,y = F. Thus, 
the stress upon each support will be (44) S:y. If 
there are adjacent spans, similarly loaded, on each side 
of the first one, the stress on each support, except the 
end ones, will be S; y. Similarly, during vibrations of 
an amplitude y, as will occur, for example, when the 
forces F on each span are suddenly and simultaneously 
removed (damping neglected), the maximum pressure 
on the supports will be S; y and the natural frequency 


f, of the vibrations will be defined by 


SE 
M, 


2a2fi) = of = (1) 


For any given busbar, the values of S, and M, must 
satisfy (1), when f, is the natural frequency of the 
actual busbar. 

Assuming the busbar to be a vibratory element 
having a single natural frequency, as considered in the 
foregoing, Biermanns* calculated the busbar deflections 
in terms of the natural frequency of the busbar span 
for short-circuit currents on the assumption that the 
bus is rigidly clamped to non-fiexible supports. Flexi- 
ble supports were not considered. 

b. Treatment of Busbars with Flexible Supports. 

Busbar structures with flexible supports may be 
treated as a mechanical system comprising a busbar 
span of concentrated mass M,, constant stiffness S;, ~ 
and motional resistance, the busbar being held by 
supports which also are represented by a concentrated 
mass M., a constant stiffness S., and motional resistance. 
The electromagnetic force f per span will be considered 


M, ut My M; 


20—Buspark-INstLtator STRUCTURE WITH FLEXIBLE 
SUPPorRTS ‘ 


Fie. 


The busbar is represented with concentrated mass Mz and the support 
with concentrated mass M,;. Line A-B indicates the rest position of the 
busbar and of the supports before the electromagnetic forces are applied. 


as applied to the equivalent busbar mass M;; while the 
driving force acting on the support will be S; y, where 
y» is the deflection of the mass M, with respect to the 
supports as indicated in Fig. 20. The system described 
has two inter-related natural frequencies. Both fre- 
quencies are present in the motion of the busbar as well 
as in the motion of the support, 7. e., neither frequency 
can be definitely assigned to either one of the elements 
alone. 


*The stiffness is the force per unit deflection, the force being 


slowly applied to the mass originally at rest. 
*Bibliography No. 6. 


Feb. 1925 


The approximations involved in Fig. 20 are the 
following: 

A. The portion of the electromagnetic force which 
acts directly on the support is neglected; 7. e., the entire 
force f is considered to be directly applied to the busbar 
span, since the width of the support, measured along the 
direction of the busbar, is less than 10 per cent of the 
spacing between supports in the majority of bus 
structures. 

B. The overtone natural-frequency components of 
the busbar are neglected since they are rapidly damped 
out, and since the support stresses will be far less af- 
fected by any short-wave overtone busbar vibrations 
than by the fundamental vibrations involving the bus- 
bar as a whole. 

C. There isa further approximation due to the effect 
of using the equivalent busbar mass, rather than the 
actual distributed mass, in a bus system having flexible 
supports. To investigate this point test values of the 
two natural frequencies obtained with actual bus struc- 
tures were compared with values calculated on the basis 
of the concentrated busbar mass. The comparison 
showed good agreement, the discrepancies found being 
well within the limits of accuracy of the observed sup- 
port constants themselves. It is concluded, therefore, 
that the approximation in question is allowable in stress 
calculations, particularly if test values of natural 
frequencies are used. 

In view of the foregoing, the support-stress calcu- 
lations will be based on the following conditions: 

1. Straight, uniform, parallel busbars having equi- 
distant supports of uniform characteristics. 

2. All supports, are considered equally stressed, 
the stresses per support being those due to the electro- 
magnetic force for a full busbar span. A number of 
similar spans are assumed to be acted on by the same 
electromagnetic force. 

3. Busbar and support deflect when stressed and 
have elastic properties. 

4, 'Two-wire short circuit, the two conductors carry- 
ing equal and opposite currents. 

5. Busbars at rest and unstressed before application 
of the short circuit. 

6. The deflection of the busbars is considered to be 
small in comparison with the spacing between conduct- 
ors; thus the electromagnetic force is regarded as inde- 
pendent of the deflection of the bars. The longitudinal 
tension in the bars is neglected. 

7. The base of each support is considered to be 
tightly bolted to a rigid foundation. 

8. The assembled bus structure is assumed to have 
not more than two natural frequencies. 

9. Inthe first analysis, the motional resistance of the 
structural elements as well as the current decrement 
will be neglected. The principles of motion and of 
stresses can adequately and most conveniently be de- 
rived from an analysis of the motional behavior of a 
(hypothetical) system of negligible resistance, in the 
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absence of current decrement. Subsequently, suitable 
allowance will be made for current decrement and 
damping. ; 


SUPPORT DEFLECTIONS AND STRESSES WITHOUT DAMP- 
ING AND WITHOUT CURRENT DECREMENT* 


Since the driving electromagnetic force f per span 
is opposed during vibratory motion by a force due to 
the acceleration of the busbar mass, whose displacement 
at any instant is y, + y., and by a restoring force 
due to the resilience of the busbar span, the following 
equation of busbar motion neglecting resistance is 


obtained, in accordance with Fig. 20. 
d Yr d? Ys ) < 
Ms ( dt? a eed ed (2) 


All forces are parallel and in one plane. The corre- 
sponding forces acting on the support, according to Fig. 
20, define its motion as given in equation (3)7. Re- 
sistance is again neglected. 


d? y; 
dt? 


In order to obtain the support stress, equations (2) 
and (3) will be solved for y, in terms of the structural 
constants and the electromagnetic force. If equation 
(3) is differentiated twice, with respect to time, and the 
equation so found is then combined with (2) and (3) 
for eliminating y; and the derivatives of y;, equation (4), 
the differential equation for y,., is obtained. 


M, + Sy. = Si ys (3) 


a Ye Ss Ae Ss )s 7 
we + (ae + ae + ie dt 
S,S. | 
ar oan Ys =o, M. re (4) 


The solution of (4) depends on the form of the electro- 
magnetic force f. A symmetrical sine current of the 


form 
J sin. wi 


_ becomes, when totally displaced, 


t =I, (1— cos wt) 
Thus the instantaneous electromagnetic force between 
two parallel bars each of which carries current ‘ se 
neglecting current decrement, 
f =AT,? (1 — cos w ft)? 


=15AI,3(1- 5 cos ot + 5 c0s2 wt ) (5) 
Equation (4) may then be written: 
d* Ys ad? Ys 
at + go dt + he Ys 

4 1 
= BF, (1— Joos wt + 7 e082 wt ) (6) 

*C. g.s. absolute units are employed, unless atherwiae 

mentioned. 


t+Equations similar to No. 2 and No. 3 were set up by Hort 
(Bibliography No. 15) for the vibrations of a system comprising 
a rotating machine on a fiexible shaft held by two bearings which 
are resting on a yielding foundation. 
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S, 
M, M, 


where B is substituted for 


Then y, is of the form:* 
Ys=Yrtyot+yst ys 
where 
y is the particular solution of (6) with the right-hand 
side equal to B Fy 
Yy2 is the particular solution of (6) with the right-hand 


4 f 
5 BFy) cos wt 


ys is the particular solution of (6) with the right-hand 


side equal to ( _ 


side equal to ( a 5B Fo) cos2 wt 


ys is the complementary function, with the right-hand 
side of (6) equal to zero. 
Thus the solution for y; is 


BF 
Yi al he (7) 
since the derivatives of equation (7) are zero. The 
solution for ys 1s 
ce 4 15 Fo cos wt 
oe (8) 
i at — gow + he? 
Sumilarly 
1 BF, cos2 wt 
us (2. 0))* =. Go (2.0)? = hy 9) 
Finally, ys is found from 
dty a? 
ae + gomra + ho? ys = 0 (10) 
The solution is of the form 
Ya = Cj eat + Co ect + C3 east + C4 eat (11) 


where ¢,, C2, ¢; and c, are constants dependent on the 
starting conditions, and a, a2, a3, a, are the four roots 
of the equation 


o+ga+he =0 (12) 
Thus all values of a are pure imaginaries: 
= 741 
A =—j 
(13) 
X3'= ) Je 
As = —,) Qe 
where 
1 ETT 
q= "9 Go— 90 — 4h," ) 
(14) 


1 SS BE RESO, 

Q2 = AES (Jo + V go? — 4 ho? ) 
qi and q: are the angular velocities of the two natural 
frequencies of the structure. 


*See Bibliography 33, p. 214-218 and p. 240. 
{See Bibliography 33, p. 215, equation (17'’’). 
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Dividing gq; and qo, in equation (14), by 2 7 the two 
natural frequencies f; and f, of the busbar structure are 
obtained. 

It is seen that qg, cannot be larger than qo. 

Thus the solution for y, is 
BF 

he? 


1 BF, cos2 wt 
3 


Ya = 61 O88 te Cx t,  Cn CU ao CRO te 


4 BFycos wt 
e (15) 


= wt—go wh he | (2 to) 2 oes 


Now the constants ¢,, ¢2, C3 and ¢,in (15) will be deter- 
mined from the initial conditions of motion. The con- 
stants will establish the amplitudes of the free-vibration 
components of motion. The initial condition to be 
considered is that the bus structure be at rest and un- 
loaded at a time just before the occurrence of the short ~ 
circuit or that, in mathematical terms, 


(ie) wie 0) (16a) 
ln 
Ter (16b) 
at the timet = 0 
Ys = 0 (16c) 
Genes 
ee 0 (16d) 


The last two conditions will be applied directly to 
equation (15), while (16a) and (16b) will be applied to 
equation (3). In the use of (16a) and (16b) with 


- 2 3 
equation (3) the expressions for a and ¢ ; a 
time ¢ = 0 must be found from equation (15) by suc- 


cessive differentiations of (15). The procedure thus 
outlined gives the following constants: 


at the 


Yo Ur 
Git Oh Sh 
: - 2 (U2? = U1”) 


Sea dete Bee os | 
[ ; 3. (=?) T 3 (4 — uw?) 


C3 = C4 = D) Ce 2) (17) 
A Us" = a Us A | 
le 30 us 8 ieee | 
where 
a eB Ee ie AiG 
Yo = he — S, (18) 
Uy, = q 
a) 
(19) 
U2 = las | 
@ 


Then we obtain for y, from equation (11) with the aid 
of equation (13) and equation (17) 


Ys = 2c, cosqit + 2c; cos qt (20) 
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The sum of y; + yo + y3 + ys in accordance with 
(7), (8), (9) and (20) gives the full solution for -y,. 


Ys 
Yo 
convenient to use. The significance of p is due to the 
fact that yo is the support deflection due to a dead load 
equal to Fo, the electromagnetic force exerted on a bus- 
bar span by the r. m.s. initial asymmetrical short-cir- 
cuit current. Hence, p multiplied by Fy gives the 
support stress, and the maximum value of p is the maxi- 
mum stress obtained when the initial average electro- 
magnetic force per span is one. Accordingly, p will be 
called the stress factor. Thus the support stress factor, 
neglecting resistance and current decrement is 


In practical stress calculations the ratio 


he as 


p= 7 = 1+ Cicos qt + C2 cos qot + C’ cos wt 
| + C’’cos2 wt (21) 
where the coefficients C,, C2, C’ and C”’ are defined by 
‘ois al 
yp ae 
4 Uy 1 U4 ) 
( ee Ss a 
(On = gs: Un" 
5 U2? — Uy 
A 2 2 (22) 
(1-3 “Se te Se) 
‘ 38 (1— wu?) 3 (4— w,’) 
: % 4 U2 Us? 
Cc I dl = U1’) (1 = Uy") 
‘ela 1 Uy? Us? 


3 Gaus) “E- ay 
It is seen that all constants in equation 21 depend 
solely on the frequency ratios 

qi qe 2 w f. 2 


20 
Oe ape UAE ey es — 
@ w w @ 


so that, if the two natural frequencies 


fi= si: cycles per sec. 
(23) 
fn = Oe cycles per sec. 


are known, the stress factor is readily calculated by 
(21) and (22), neglecting resistance and current decre- 
ment. ; 

One of the questions of greatest practical importance 
is that of resonance. Resonance* occurs when an im- 
pressed force has a frequency equal to one of the two 
natural frequencies f; and fo. 

Since there are two natural frequencies and (for 


*See Bibliography No. 31, pp. 152-155 and p. 175; also Bib- 
liography No. 15, pp. 54-57. 
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displaced short-circuit currents) harmonic electromag- 
netic force components at two frequencies, there are 
four possibilities of resonance, 7. e., either one of the two 
natural frequencies may be at resonance with either of 
the force frequencies. Thus the four conditions of 
resonance are: 


U=1 (24a) 
Uz = 1 (24b) 
uy = 2 (24c) 
U2 = 2 (24d) 


To summarize the principal results derived so far: 

Support stresses may be most conveniently expressed 
in terms of (1) the initial average eleciromagnetic force 
per busbar span, which force is that due to the r. m. s. 
initial value of asymmetrical short-circuit current, and 
(2) the stress factor, a value equal to the stress per sup- 
port when the initial average electromagnetic force is 
unity. 

Thus the maximum stress is obtained-by multiplying 
the initial average electromagnetic force by the maxi- 
mum stress factor. 

For busbar and supports of elastic properties the 
stress factor, and hence the maximum stress, depend 
primarily on the two natural frequencies and on the 
current frequency except for the effects of damping 
and current decrement, to be considered below. 

The two natural frequencies.may be determined by 
calculation from the mechanical constants of busbar 
and of insulator, by equation (14), or preferably, where 
feasible, by direct measurement on the assembled bus 
structure. 


EFFECTS OF DAMPING AND OF CURRENT DECREMENT 
AT NON-RESONANCE 

Equation (21), derived for zero motional resistance, 

and for a totally displaced current without decrement, 

does not give the final values for practical stress calcu- 


_ lations, because the damping of the structural elements 


and the current decrement do materially affect the maxi- 
mum stresses during short circuits. Structures at non- 
resonance will be considered first. For the present pur- 
pose, “‘non-resonance’”’ is to include all those cases in 
which the natural frequencies differ by 25% or more 
from the frequencies of the impressed electromagnetic 
force. The calculation of stresses at resonance is dis- 
cussed later. ; 

For practical calculations of maximum stresses at 
non-resonance, the following approximations have been 
made: 

a. The electromagnetic force due to short-circuit 
currents is expressed in the form: 


(aes ( = e~28t 4+ sem — . est cos wt 


2 = e-2ht cog 2 w ‘) (25) 


which is approximately equal to the electromagnetic 
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force due to a two-wire short-circuit when the current 
ast 
t=], e-* —[In—I.) e-* + 1,] cos wt (26) 

where I,, and J, are the maximum values of initial a-c.| 
component and of sustained current, respectively, and 
gandhare the decrement constants of d-c. component 
and of a-c. component, respectively. It is seen that 
the electromagnetic force of equation (25) is obtained 
from a form of short-circuit current in which the value 
of J, in equation (26) is neglected. 

b. The non-harmonic component of the stress factor, 
which component is equal to unity without current 
decrement, is approximately 


2 1 


PIs Sa ed le, (27) 


when the electromagnetic force defined by equation 
(25) is applied. 

The approximation involved in equation (27) is very 
close at non-resonance in a single-element vibrating 
system having mass M, motional resistance R, and stiff- 
ness S, and moving in accordance with 


dy oe 
a + R—=— 


c. The Eel components of the stress 
factor are given in the following form when the electro- 
magnetic force of equation (25) is applied to busbar 
structures for which the mechanical damping is known. 

Dy = C1 e &5* cos qi t \ (29a) 

pz = Cz e 95"? cos qn t | (29b) 
where C, and C2 are the constants of equation (22) while 
a’ and a’ are damping decrement constants obtained 
from free-vibration tests. Observed values of the suc- 
cessive amplitudes of free vibrations may be used to 
solve numerically a’ and a’’ from equation (29). In 
calculations it is often convenient to use the term 
“‘sharpness of resonance”’ defined? as 


M +Sy=f 


(28) 


pes 
(e4 

(30) 
Se sa 


Physically, the significance of the sharpness of resonance 
may be seen by considering, for example, a single-ele- 
ment vibratory system, such as that defined by (28), 
when acted on by a symmetrical harmonic force of 
amplitude #. The maximum resonant amplitude of 
vibrationt is then, very nearly, n times the deflection 
obtained when a steady force F is slowly applied, where 
n is the sharpness of resonance defined by 


(31) 


*See Bibliography No. 9 p. 1248. 
jSee Biblhography No. 17, p. 452. 
{Bibliography No. 31, p. 154. 


SCHURIG AND SAYRE: BUSBAR SUPPORTS 


Transactions A. I. EK. E. ; 


the constants being those of equation 28. 

d. The forced-frequency components of the stress 
factor are approximated in the following form at non- 
resonance when the electromagnetic force of equation 
(25) is applied: 

ps = C' eet cos wt (32 a) 

9, = Ce cos2 wt (32 b) 
Damping, such as encountered in busbar structures, 
affects the amplitudes in question only slightly at non- 
resonance. 

e. The phases of the components of the stress factor 
are assumed to be those obtained without current 
decrement and for zero motional resistance, 7. e., in 
accordance with (21). The mechanical constants of 
busbar structures are such that the phase angles are . 
sensitive to changes of motional resistance, or to the 
effect of current decrement, at impressed frequencies 
in the vicinity of resonance only.* 

On the above basis, an approximate working formula, 
taking into account current decrement and damping, 
for estimating maximum short-circuit stresses in bus 
supports.at non-resonance is then the following: 


cee) eee Be 2 pete a e-0:50't eos q,t 
p - Pe Medi ern 2 Ci On 
+ C, e952” cos qo t +-C’ eet cos wt + C’’ e-2ht 


cos2wt (33) 


where the constants C are those of (22). Equation (33) 
is not applicable-to resonant cases in the form given, as 
already indicated. The practical use of (33) calls for . 
the following data: 

the two natural frequencies f; and fy» 

the current frequency f, 

the current decrement constants g and h 

the motional resistance decrement constants a’ 

and a’’ 


STRESSES AT RESONANCE 


Defimtion of Resonance. Resonance will be defined as 
the condition of cyclically increasing stress amplitudes 
(or vibration amplitudes) occurring when a force of a 
frequency equal to one of the natural frequencies 
(f: and f) is impressed on the bus structure. The four 
cases of resonance for bus structures were stated in 
equation (24). 

Condition for Maximum Stresses. It is well known 
that, strictly speaking, the maximum deflection due to 
sustained forced vibrations occurs at an impressed fre- 
quency slightly different from the resonant frequency 
above defined,+ the difference depending on the damping 
constant. The magnitude of the difference, however, 
is less than one per cent in frequency and less than one 
per cent in deflection, for the constants coming into 
question in bus structures. For practical calculations, 
therefore, the differences mentioned may be ignored. 

*Bibliography No. 26, p. 42. 


{See Bibliography No. 17, p. 463; also Bibliography No. 26, 
pp. 4i, 42. 
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(A) RESONANCE WITHOUT RESISTANCE AND WITHOUT 
CURRENT DECREMENT 


The four cases of resonance defined in (24) are funda- 
mentally similar to one another. As an illustration 
of the theory, the case of uw, = 1 will be worked out, 
which is the case of resonance between w and q, in 
equation (21). 

As w approaches q; in equation (21) the amplitudes 

C, and C’ approach infinity. The sum of the terms 
C, cos qit + C’ cos wt must, however, be finite for 
finite values of time, even if the resistance is negligibly 
small, since the rate of increase of stress is limited 
depending on the magnitude of the impressed force at 
resonant frequency. Mathematically, we may deter- 
mine the form of the resonant component of stress factor 
for the case when w and gq; become equal, by determin- 
ing from equation (21) 
lim. . iat 
Rests [o: cos qit + C’ cos wt | ate 
where y,’ is the component of support deflection at 
resonant angular velocity w = q:. By evaluating the 
indeterminate form contained in equation (34), in the 
customary manner, it.is found that 


/ 


(34) 


pe eS A Us" (5 a 2 U2”) 
ae 90 — ur? COS wt 
2 Us 3 : 
se 6 REGIA ah ons (35) 
er 2 


In equation (35) the sine term, containing the factor 
wt, is the one expressing the progressive increase of 
vibration amplitude characteristic of all cases of reso- 
nance. The expression shows that the amplitude of the 

‘resonant component of stress increases at the following 
rate: 


27 Ue? 


Beary for each half cycle 


neglecting the effect of the cosine term which ceases 
to be of importance after a few cycles. 
per half cycle may be written in the form 


)r, 


indicating that the increase per half cycle of the support 
-stress component at resonant frequency is equal to that 
which would be obtained if the support were impelled 
directly by a harmonic driving force of the amplitude* 


3 1— wu? i 


where the ratio in brackets is a modulating ratio ap- 
plied to the amplitude of the resonant component of 
the impressed electromagnetic force. The expression 
(37) may then be regarded as the amplitude of an equiv- 
alent driving force impelling the support. 

*Obtained from (36) by analogy with the corresponding term 


for the single-element vibrating system whose motion is derived 
defined by 28, as indicated in Table II, item 4. 


Ue 


Ponte (36) 


(37) 
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For resonance between q, and w, expressions analo- 
gous to (36) and (37) are obtained with w, substituted 
for Us. 

Since it is desirable to keep the magnitude of the 
resonant stress as low as possible, the non-resonant 
natural frequency should be as far from resonance at 
possible, and preferably of lower value than the resonant 
natural frequency. 

A special case of the equivalent driving force of 
equation (37) is that occurring when the frequency 


re becomes very large approaching infinity. Then 


(37) will reduce to 


4 
said dh (38) 


3 

which is nothing else but the amplitude of the impressed 
electromagnetic force component at resonant frequency. 
The result (38) shows that the double-element system 
then behaves the same as a single-element system 
having a frequency equal to the lower natural frequency 
of the double-element system, as would be expected 
physically. 

To summarize: The maximum rate of resonant stress 
increase per half cycle is given in (36) and is approxi- 


Tv z 
mately rt times the equivalent driving force ampli- 


tude at resonant frequency, according to (37). This 
equivalent driving force is related to the’ amplitude of 
the resonant component of electromagnetic force by a 
simple modulating ratio dependent on the ratio of the’ 
non-resonant natural frequency to the current fre- 
quency. An expression is given in (35) for the stress 
component at resonant frequency and shows the growth 
of stress amplitude due to resonance from the instant at 
which the electromagnetic force is suddenly applied. 


(B) EFFECT OF RESISTANCE ON RESONANT STRESS. 
CURRENT DECREMENT NEGLECTED 


The essential factors defining the resonant stress 
transient are the amplitude of the equivalent driving 
force at resonant frequency; the decrement rate due to 
damping and the current decrement. The equivalent 
driving force, given in (37) for the case gq; = w, is prac- 
tically independent of the resistance when gq: is non- 
resonant, but the rate of resonant stress increase is 
dminished by resistance, so that the final amplitude 
of resonant stress component (neglecting the electro- 
magnetic force decrement) is n times, rather than 
times, the amplitude of the equivalent driving force 
component at resonant frequency. The significance 
of », the sharpness of resonance, has already been 
pointed out. Current decrement will be considered 
separately. 

The resonant stress formula for the two-element 
vibratory system—one of the natural frequencies only 
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being at resonance, the other being outside of the 
resonance range—will then be worked out on the follow- 
ing basis, when damping resistance is included: 

A. That the amplitude of the equivalent driving 
force component at resonant frequency has the same 
magnitude when damping is present as for the case 
when damping resistance is negligible. The damping 
will, however, materially affect the resonant stress 
component, and is taken into account in accordance 
with B and C which follow. 

B. That the final amplitude of resonant stress 
component is n times the amplitude.of the equivalent 
driving force component at resonant frequency, in 
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system by simple modulating factors depending on w:. 
In items 6 and 7, column II, the analogy existing be- 
tween I and II is further applied to the resonant stresses 
in bus supports when damping is present. Thus the 
resistance decrement terms 


/ 


a 
,(1—e ” ) for the sine term, item 6, 
and 


, 


e ” for the cosine term, item 6, 
were adopted for the two-element system by analogy 
with the single-element system of column I. Conse- 
quently for either system the maximum amplitude of 


TABLE II. 


SUM 


MARY OF TERMS PERTAINING TO RESONANCE 


Current decrement not considered 


if Il 
Single-element M-R-S system. See Note Double-element system; resonance frequency is 
gi wo 
py ere 
Fim 4 1 . . 
iis, Hlectromagnetic forcest..: 0 2a. oer > b — cos zt) Fo\ 1 —3 cos wt + 3 cos2 wt ) (S) 
2. Amplitude of harmonic electromagnetic R-. 4 
force component at resonant frequency.......... roe 3 ) (3) 
een A fi 
é Em a : a (dn ua?) Fo 2 wtsinwt + 
3. Harmonic stress component at resonant eo 2 xt sin xi +coszrt y 
frequency without damping........:..........:. i ; 5 — 2 us? 
35 
i Ch as cos wt | (35) 
4. Maximum increase of resonant stress ampli- pe Fin . z (4 4 eige e 
) rcle UNS Gaur e sauces Mot iar Sa 0% 36) . 
tude per half cycle; no damping 5 5 ) (es a <a (36) 
5. Amplitude of equivalent driving force at Ean 4 ue2 
resonant fi on acid Gitta tg cna ib.5 Sere Ouge > 37 
ant frequency = 3° Co ae (37) 
4 u2? ey E 
a= ane nm (1—e2 )sinwt + 
6. Harmonic stress component at resonant nee - 
frequency, damping considered; approximate| — Pm n(1—e ns )sinzt te 2 cos xt | eerie ele * 
BIOS, 9 sruigen sy he URSA LA Oat eee dT ete area Pat oe aL re ay 2 | 
values 3 (=a e cos wt 
7. Final amplitude of resonant stress compon- Ree 4 us? 
ent, damping considered; i.e. att = 00 ..........- n (= ) ni ( Pa ee mp aT eas GTO) ) ik 
2 3° (1 = w2%) 


*Derives from (35) by analogy with item 6, column I. 
} Derived from (37) by analogy with items 4, 5, and 6 in column I. 
Nore: 


i. e. when x2 = > : 
accordance with the behavior of a single-element system. 

C. That damping resistance reduces the resonant 
stress increase per half cycle at the same rate for the 
two-element system as for the single-element system. 

A summary of the terms pertaining to resonance, in 
accordance with A, B and C above, is given in Table 
II. The principal object of the table is to point out the 
analogy existing between the behavior of the single- 
element system (column I), and the two-element sys- 
tem, (column II). It is seen, for instance, in items 3, 4 
and 5, that the results previously derived for the two- 
element system, neglecting damping resistance, differ 
from the corresponding results for the single-element 


The single-element system dealt within column I is that defined by (28) when impelled by a driving force Fy, (0.5 — 0.5 cos x t) at resonance; 


resonant stress component is n times the amplitude of 

the equivalent driving foree component at resonant 

frequency neglecting current decrement, in accordance 

with proposition B above. 

(C) RESONANT STRESSES INCLUDING RESISTANCE AND 
CURRENT DECREMENT 


The current decrement will be applied, as in the case 
of non-resonant stresses, separately to each component 
of resonant stress, the decrement of each stress com- 
ponent being the same as that of the corresponding 
electromagnetic force component. In the case of the 
stress component at resonant frequency, when qi = , 
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_ the decrement term at any time ¢ is then approxi- 


mately the average of 
e(-e-h)t 


during the time interval from zero to t, which average is 


1 
Sos te a p(e-t 
CES Ie. (Le ) (39) 
Then the stress factor at resonance, including 


resistance and current decrements is obtained by adding 
the stress factor components from (27), (29b), (32b), and 
from Table II, column II item 6, the latter multiplied 
by the current decrement term (39): 


1 

hsp Neo ase Ls) ae 

p ip 3 ¢ ema: + Cre COS qo t 
+ CC’ e-2 cos 2 wt + a (40) 
0 

where 

y,' S 4 Ue (1—e-& ue) 

Yo Sar gi Dt 

ir z D) He oe 


== t 

[mt—e"? ‘sin wt + Sasa e? coset | (41) 
and C, and C”’ are the factors defined in (22). Ex- 
pressions (40) and (41) apply, of course, to resonance 
between g; and w only, the expressions for the other 
three cases of resonance being similar. 

To summarize: An approximate expression for the 
. Stress transient at resonance is worked out including 
effects of resistance and current decrements. Practical 
estimates of peak stresses occurring at resonance may 
_ thus be obtained when the two natural frequencies, the 
current frequency, the initial average electromagnetic 
force, and the decrement constants due to current decre- 
ment and due to motional resistance of the bus structure 
are known. 


STRESSES AT NEAR RESONANCE 


Two kinds of stress calculations have been considered 
so far, namely those at non-resonance and those at 
resonance proper. Non-resonance covers all the cases 
in which the working natural frequencies differ by 25 
per cent or more from the frequencies of the electro- 
magnetic force. There is thus a gap of frequencies 25 
per cent above and 25 per cent below each resonance 
frequency, which gap is not bridged as far as the near- 
resonance component of stress is concerned. It is 
believed that in most cases coming within the gap, rough 
estimates of maximum stresses may be made on the 
basis of the cases already solved, by interpolation. 
Analytical calculation of the near-resonance component 
of stress will not be attempted. The omission men- 
tioned is further justified by the fact that the resonant- 
frequency stress component is of relatively minor im- 
portance in the total stress for those cases in which the 
non-resonant natural frequency is kept low, as already 
stated. 
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DAMPING AND DECREMENT CONSTANTS 


A single value of the mechanical damping constant— 
a value applicable to all cases of busbar stress calcu- 
lations—can, of course, not be given. Likewise, rates 
of short-circuit current decrement vary according to 
the circumstances. For approximate calculations, how- 
ever, average constants applicable without serious error 
to a number of cases can be selected. 


Damping Constant 

As already mentioned, the effect of damping on 
resonant stresses may be taken into account by the use 
of the “‘sharpness of resonance” defined by (30) and 
(31). Obviously, an increased amount of damping 
gives a reduced value of resonance sharpness n. Tests 
performed on a variety of bus structures employing 
copper bars and porcelain insulators gave n; = nn. = 5, 
on an average. ‘This value was used in the preparation 
of the stress curve of Fig. 1. Other types of bus struc- 
tures require, of course, different values of resonance 
sharpness, in some cases well above 5. 


Current Decrement Constants 

In (26), exponential rates of current decrement were 
assumed, different rates being applied to the direct 
component and to the alternating component. For 
approximate calculations of maximum short-circuit 
stresses in busbars, g and h in (26) may be given the 
values 12.6 and 2.2, respectively, provided 1, short-cir- 
cuit currents with a maximum amount of initial dis- 
placement are considered; 2, the system reactance is 
within the range from, say five per cent to 30 per cent; 
and 3, the time of the maximum stress is not later than, 
say, 0.1 or 0.15 sec. after the beginning of the short- 
circuit. Tests have shown that the maximum in ex- 
ceptional cases only, occurs later than 0.15 sec. after the 
beginning of the short circuit. 


SYMBOLS 
R 
for a en 
M 
a’, a’’ resistance decrement constants in free 
vibrations 


Q1, Qe, Q3, a, roots defined by (12) and (13) 

A electromagnetic force per busbar span per 
unit current 

a (in.) dimension of individual busbar lamination, 
measured in the direction of its deflection . 
due to short-circuit electromagnetic force. 

a’(in.) overall dimension of group of busbar lami- 
nations, measured in the direction of a. 


ee So 

B pa ss for M, M. 

b (in.) dimension of individual busbar lamination, 
measured in the direction perpendicular 
to its’ deflection due to short-circuit 
electromagnetic forces. 
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b’ (in) over-all dimension of group of busbar lami- 
nations, measured in the direction of b. 

C1, Cs, C3, cg constants of integration. 

C,, Co, C’, C’’ amplitudes of harmonic components 
of stress factor for zero resistance 
and no decrement; see (21) and 
(22). 

2.718 
l length of busbar span, measured between 
centers of supports. 


Fy electromagnetic force per span for a current 
of I) per conductor = AJ,? = 1.5A TI,,?. 

F,,, maximum value of a suddenly applied pul- 
sating force F’,, sin? w t 

i instantaneous value of electromagnetic force 
per busbar span. 

it (eye. per sec.) frequency of current 

fi (eye. per sec.) lower natural frequency of bus 
structure 


fe (eye. per sec.) higher natural frequency of 
bus structure. 


tc (eye. per sec.) natural frequency of busbar 
when supports are totally rigid. 
So s S5 
LY eC! many, 
g decrement constant of d-c. component of 
short-circuit current 
i . Ss se 
ete EI a 
h decrement constant of a-c. component of 
short-circuit current. 
k shape correction factor for the calculation of 
electromagnetic force. 
D instantaneous short-circuit current 
I,  r.m.s. value of initial asymmetrical short- 


circuit current at time t = 0; also I) = 
1G MSY be 

maximum value of a-c. component of short- 
circuit current at time ¢ = 0. 

I, maximum value of sustained current 


Wn Aero 

M, equivalent busbar mass, concentrated at the 
center of the busbar span. 

M_ mass ofasingle-element vibratory system. 

M, equivalent support mass considered concen- 


trated at center line of busbar over the 
center of the insulator; M, includes the 
part of the busbar mass which follows 
with the support in its motion. 

M, 1, %, Sharpness of resonance, defined by (30) 
and (31) 

w = 27 f, (radians per sec.) 

w, = 2 7 f, (radians per sec.) 

Pe (Ib. per support) maximum support stress 

p stress factor for calculation of support stress 

Pi; Pr Ps Pty Ps Components of the stress factor p 
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41, 2 angular velocities of natural frequency vi- 
brations, defined by (14); qi is smaller 
than qo 

R motional resistance of a vibratory system 

S stiffness of a single-element vibratory system 

S, stiffness of equivalent busbar in direction 
parallel to deflection due to electro- 
magnetic force 


S, stiffness of support 
s center spacing of parallel busbars 
t (sec.) time, measured from beginning of 
short circuit 
i= je = ratio of lower natural frequency to current 
frequency 
Us = = = ratio of higher natural frequency to current 
frequency 
x distance measured along the busbar from 
the support 
x (also) substitution for 2 w 
y deflection of a single-element vibratory 
system 
y» deflection of equivalent busbar span relative 


to supports. 

Ys deflection of support in a direction’ parallel 
to the direction of the electromagnetic 
force 

Yi) Yx, Ys, Ys Components of y, 


: BF, Fo 
yo average support deflection = he aS 
0 8 

y,’ component of support deflection at resonant 


angular velocity qi = o. 
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Electrical Measurement of Physical Values 
The Determination by Electrical and Magnetic Means of 


Quantities not in Themselves of an Electrical Nature 
BY PERRY A. BORDEN: 


Member, A. I. E. E. 


Synopsis.—This paper was prepared under instructions from 
the Committee on Instruments and Measurements, with a view to 
forming a basis for the Committee’s work in connection with elec- 
trical measurements as applied outside of the strictly electrical field. 
The system of classification used is in accordance with the nature of 
the quantity under measurement, rather than with the principle in- 
volved; and the subject is treated under nine headings. 

Measurement of Temperature: There are recognized two prin- 
cipal methods of electrically measuring temperature; the thermo- 
electric circuit, and the effect of temperature upon the resistance. of 
many conducting matcrials. Outlines are given of the elementary 
applications of these, and a number of practical instruments em- 
bodying one or the other of the principles are described. Reference 
is made to several types of calorimeters embodying electrical methods 
of temperature measurement, and to hygrometers or humidity 
meters, in which the principle of the thermocouple has been applied. 
A brief description is also given of the optical pyrometer. 

Measurement of Stress, Strain or Small Changes in Physical 
Dimensions:. General reference is made to the changes which 
take place in both the electrical and magnetic characteristics of 
materials when exposed to mechanical stresses, with particular at- 
tention given to resistance effects. Several applications of the car- 
bon pile in strain determination are mentioned. Recent develop- 
ments in the use of the piezo-electric effect of certain crystals are de- 
scribed; and the use of the thermionic tube and its associated cir- 
cuits for measuring very small dimensional changes is briefly 
treated. A description of the hot-wire micrometer is given, and 
a note on the Haigh alternating stress-testing machine. The 
use of both inductive and resistance circuits in conjunction with 
the oscillograph for study of vibrations is described: and a reference 
made to the use of electrical principles in the manometer and engine 
indicator. 

Measurement of Flow: Flow meters are described, making use 
of the electrical conductivity, the heat capacity and the velocity-head 
of the fluid under investigation. Prof. Allen’s salt-water-velocity 
‘method of determining speed of flow in penstocks and conduits is 
treated. Descriptions are given of a number of flow meters, both 
for gases and liquids, in which the principle of cooling of a heated 
conductor is employed, and reference is made to experiments which 
have been carried out with a view to establishing a definite relation- 
ship between the electrical resistance of an electrolyte and its linear 
velocity past electrodes. Electrical methods of measuring and re- 
cording the pressure head due to velocity in a pipe are found in the 
“Republic” and the General Electric flow meters, both of which are 
briefly described. Mention is made of a recently developed method 
of plotting stream-flow diagrams, by reproducing the physical con- 
ditions by an electrical system and locating equipotential lines with 
an alternating current potentiometer. 

Measurement of Velocities: The rghassane methods of meas- 
uring velocities, while not fundamentally electrical, are so closely 
associated with electrical practise as to receive considerable atten- 
tion, and the ‘oscilloscope’ for visualizing reciprocating motions is 
touched upon. The magnetic tachometer,and the squirrel-cage 
speed-indicator are mentioned, as well as the ordinary electrical 
speed indicators, wherein measurement is made upon the current 
of a small generator driven by the shaft under measurement. The 

1. Meter Engineer, Hydro-Electrie Power Comm. Labora- 
tories, Toronto, Ont., Can. 

Presented at Midwinter Convention of the A. I. E. E., New 
York, N. Y., February 9-12, 1926. 


condenser method of determining linear velocities, and the several 
inductive methods used in ballistics are treated. 

Measurement of Work: No fine distinction ts made between 
work force and energy: and the standard methods of measuring 
electrical energy with the wattmeter are omitted, as being outside the 
scope-of the paper. Six types of electrical transmission and absorp- 
tion dynamometers are described, and a reference made to recent 
tests, in which the characteristics of a steam locomotive were deter- 
mined by causing it to pull an electric locomotive, measurement 


being performed upon the regenerated current of the latter. The. 


Gilson device for determining over-all efficiency of a power plant, 
by balancing in an instrument two electrical forces, one representing 
the fuel input, and the other the electrical output is briefly treated. 

The Measurement of Radiant Energy: Many measurements 
of radiant energy are made by determining the heat generated when 
that energy impinges upon a surface; and these would strictly come 
under the head of temperature measurement. It is realized that it 
is difficult to apply the term ‘‘non-electrical”’ or ‘non-magnetic’ 
to any radiant phenomenon: and this section of the paper confines 
itself to a bare mention of a number of the best known photoelectric 
cells, used principally in photometry and closely allied work. 

Chemical Measurement: The Electrical determination of 
concentration of the hydrogen ion is treated in some detail. The 
various electrical and magnetic methods of studying and treating 
the ferrous metals are described, with particular reference to the 
“hump” method of steel treating. The application of the cooling 
properties of various gases wpon heated wires, is mentioned, and 
descriptions are given of the COz2 and CO recorders. Note is made 
of the fire-damp detector, and the dionic water tester. 

Navigational Measurements: Coupled with measurements used 
in navigation are found those used in the detection of hidden 
conditions, such as the locating of ore bodies and water pockets. 
The mariner’s compass is given as the oldest application of mag- 
netic principles to physical measurements, and mention is made 
of the very recent application of the earth-inductor both as a com- 
pass and as an inclimometer. Special attention is given to those 
electrical aids to navigation developed under the stimulus of the 
great war, including the leader cable, radio direction-finding and 
methods for locating mines, submarines and icebergs, as well as 
sound-ranging and acoustic methods of measuring ocean depths. 

Among the devices for detecting unseen conditions are men- 
tioned the water-vapour detector, the magnetic method of locating 
flaws in steel, and systems which have been employed in the detec- 
tion of theft or of the presence of unauthorized persons in certain 
places. A number of methods, more or less sound, for locating 
ore, oil or water deposits, are described in some detail, and under 
the same head are mentioned such devices as egg testers and sex 
detectors... 


Physiological Measurements: Attention is called to the rapid 


-advances which have lately been made in the application of electrical 


measurements to the diagnosis of pathological conditions. The 
method of diagnosing disease by the so-called ‘‘method of electronic 
reactions” is dismissed as not meriting the attention of electrical 
men until its proponents are prepared to submit a description 
couched in intelligible terms. Note is made of the value of electrical 
measurements of temperature in diagnostic work: and the electro- 


cardiograph is treated fully, both in its application to actual studies . 


of heart performance and in the investigation of psychological con- 
ditions. Brief descriptions are given of the ““Stethophone”’ and the 
“Audiometer,” both of which seem destined to fill an import- 
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ant place in diagnosis and medical investigations in general. 

In conclusion it is pointed out that the art of applying electrical 
methods of measurement to work outside of the electrical field is ad- 
vancing so rapidly as to make it practically impossible that one 
could keep absolutely up-to-date in his knowledge of allthe branches. 
The general effect is one of bringing together technicians in varied 
branches of scientific pursuit and finding for them a common ground 
of thought. Wide and diversified as are the practises of measure- 
ment in these branches, it is felt that the Institute forms the natural 
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clearing house for such information; and it is to be hoped now that 
the ground is fairly well cleared, that ihe Commitiee on Instrumenis 
and Measurements will be kept cognizant of as many as possible 
of the new developments which will be made in the application of 
electrical principles to the measurement of non-electrical quantities. 

Acknowledgment is made of the valuable help which has been 
rendered the author by men both within and without the electrical 


sphere: and a bibliography of over 300 references is appended. 
* - * * = 


INTRODUCTION 


HILE the duties of the Institute’s Committee 
on Instruments and Measurements have to 
do primarily with the measurement of elec- 

trical quantities used in the work of the electrical engi- 
neer, they also cover the cognizance of all electrical meas- 
urements, including the. determination by electrical 
methods of quantities which in themselves may be 
far removed from the field of electrical engineering. 
Technicians in all branches of science and engineering 
have been quick to realize the advantages obtainable 
in performing their quantitative measurements by 
electrical means; and, more or less independently, 
these workers have developed and adopted such 
methods and have announced their successes through 
such channels as would most readily reach their in- 
terested confreres. . 

Electrical men have, for some time, felt that a num- 
ber of important applications of their principles of 
measurement were thus escaping the notice of those 
whom they should most concern; and with a view to 
bringing these diverse practises under one head, the 
author was instructed to collect all possible informa- 
- tion in respect to the work which had been done, and 
to compile the material as a basis of reference, so that 
the Committee might henceforth fulfil its several 
duties with a fair knowledge of the use which was being 
made of the art of electrical measurement by special- 
ists in other fields of scientific pursuit. 

The principal published sources from which informa- 
tion has been drawn appear in the appended Bibliog- 
raphy; and while this cannot, in any sense, be consid- 
ered as complete, an endeavour has been made to col- 
lect such references as are available—mostly in the 
English language—to enable those interested to gain 
a working knowledge of the use which has been made 


of electrical principles in the developments described. 


GENERAL 


It is doubtful if there is any physical quantity sub- 
ject to measurement, upon which that measurement 
has not been performed or attempted by electrical or 
magnetic means. Aside from all determinations of 
purely electrical quantities such as voltage, current and 
power, the electric current, by virtue of its ease of trans- 
mission, its infinite divisibility, lack of inertia, and the 
facility with which it may be measured, recorded or 
integrated, furnishes a medium almost ideal for the 


quantitative expression of other physical values. It 
is to be expected, then, that we should have a host of 
counting devices, time-measuring mechanisms, posi- 
tion indicators and kindred appliances for adding con- 
venience to measurements already performed by other 
means. The principal purpose of this paper, however, 
is not to discuss these, but rather to consider those 
methods in which some inherent property of the elec- 
trical circuit is made use of to actually perform the 
quantitative measurement and translate the meas- 
ured value into definite terms. While the greatest 
number of these are of an electrical nature, there are 
some which embody the principles of the magnetic 
circuit; and, because of the close association, it is only 
logical that they should here be classed along with the 
electrical methods. 

The system of classification used is in accordance 
with the nature of the quantity under measurement, 
rather than with the principle involved; but the over- 
lapping which must necessarily follow, in cases where 
the same principle is applied in work of differing types, 
has, as far as possible, been reduced to a minimum. 

The types of measurement which are performed by 
electrical means have been divided into nine classes; 
and while it may seem that this system has resulted 
in the association of some strange neighbors, it is felt 
that fundamentally the grouping is that of methods 
basically kindred in their nature. 

1. Measurement of Temperature. 

2. Measurement of Stress, Strain or Small Changes 
in Physical Dimensions. 


3. Measurement of Flow of Liquids and Gases. 

4. Measurement of Angular and Linear Velocity. 

5. Measurement of Work. 

6. Measurement of Radiant Energy. 

7. Determination of Chemical and Molecular Con- 
dition. 


8. Navigational Measurement, and Detection of 
Hidden Conditions. 
9. Physiological and Allied Measurements. 


I. MEASUREMENT OF TEMPERATURE 


While one of the earliest applications of the electric 
current to measurement outside of the electrical field 
lies in determination of heat effects, it probably still 
remains the branch in which the greatest advances 
and developments have been made within recent 
years. Since temperature effects play an important 
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part in other electrical measurements it is fitting that 
this association of electrical quantities should receive 
the first attention. Whether the proplem be one of 
detecting temperature changes of a microscopic part 
of a degree or of controling and recording the perform- 
ance of industrial furnaces and boilers, the electrical 
method usually furnishes the most workable solution, 
and usually at a minimum of cost. 

Until late years, the importance of accurate temper- 
ature measurement seems to have been overlooked by 
many branches of industry. For instance, in the treat- 
ment of steels, much was left to the judgment of the 
operator, with a consequent lack of uniformity in the 
product. And what may be said for the metal indus- 
try may be applied to almost every branch of activi- 
ties wherein temperatures other than atmospheric 
were concerned. Recently, however, there seems to 
have been an awakening to the importance of accurate 
temperature determination, with the result that there 
have appeared a large number of excellent temperature 
measuring devices, giving not only rapid and accurate 
results, but making possible the reading and recording 
at a central location of temperature at a large number 
of different points. ! 2 * 

Most electrical thermometers are based upon one or 
the other of two principles, either the potential difference 
at a junction of two dissimilar metals maintained at 
a temperature differing from that of the rest of the cir- 
cuit, a property discovered by Seebeck in 1821; or 
upon the change in electrical resistance accompanying 
change in the temperature of any pure metal. A very 
recent development depends in its operation upon the 
change with temperature of the magnetic permeability 
of certain ferrous alloys.‘ 


In 1833 the thermopile was combined with the galva- ' 


nometer by Nobili and Melloni to produce a tempera- 
ture-measuring instrument of great sensitivity. In 
1887, Boys greatly increased the sensitivity of this 
apparatus by combining the two elements in one in- 
strument, so that the thermo-junction formed a part 
of the galvanometer loop, and swung with it in the field 
of a magnet. In 1881 Langley contrived another in- 
strument of very great delicacy for measuring radia- 
tions, which he called a bolometer. This consisted of 
four very fine platinum or iron wires, forming the arms 
of a Wheatstone bridge connection. Alternate strips 
were exposed to radiation, and a measurement made of 
the unbalance of the bridge due to changes in the tem- 
perature, (and consequently of the resistance) of the 
arms. The thermo-galvanometer of Boys was esti- 
mated to indicate the one hundred-millionth of a degree, 
while the bolometer was capable of about one-tenth of 
that sensitivity. ie 

In measurements embodying the use of the thermo- 
electric principle, it is usual to place one couple in as 
close association as possible with the body under meas- 
urement, and the “cold junction,” necessary to com- 


1. For all references see bibliography. 
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plete the circuit, in a location where its temperature 
can be conveniently determined or regulated. The 
voltage set up in the circuit is then a measure of the 
temperature difference between the junctions, and 
therefore of the temperature of the “hot junction.” 
Measurement of this voltage may be directly made 
with an instrument of the d’Arsonval type, or it may 
be performed with a potentiometer, which may be 
either indicating or recording. Where the direct de- 
flecting instrument is used, a current in proportion to 
the measured voltage will flow through the circuit; 
and this, by the Peltier effect, will tend to equalize the 
temperature of the junctions, thus crowding the scale 
in its upper ranges. The selection of metals employed 
will vary with the conditions under which the meas- 
urement is made, depending upon the precision and 
permanency required, upon the temperature range 
through which the couple may be carried, and upon 
the possibility of corrosive effects in the atmosphere 
surrounding the thermo-junction, ® ® 7 8 9 10, 11 

In one form of temperature-measuring instrument 
operating upon this principle, known as the radiation 
pyrometer, developed by C. Fery, the junction is not 
placed in direct contact with the heated body, but is 
used in combination with an optical focusing device, 


Fig. 1—ELEMENTARY Circuit oF THERMO-ELECTRIC 


PYROMETER 
(a) “Cold” couple, at standard temperature 
(b) ‘‘Hot’’ couple, exposed to temperature under measurement 


(g) Galvanometer 


so that when a certain image of the incandescent sur- 
face is obtained in the telescope field, the exposure of 
the couple is such that the indication of an associated 
galvanometer is a measure of the temperature. Fery 
has. also produced a bomb calorimeter of interesting 
construction, in which the steel body of the bomb is 
plated with copper and supported by two constantin 
disks. The change of temperature attendant upon 
combustion of the charge produces a thermo-electro- 
motive force in the structure; and the value of this 
voltage is read upon a suitable galvanometer directly 
graduated in calories. An amplification of this prin- 
ciple is found in an isothermal calorimeter exhibited 
in 1924 by the Research Department of the Arsenal 
at Woolwich, England. The bomb or container in 
which combustion takes place is associated with a 
double set of thermo-junctions, one serving as a source 
of measurement and regulation, and the other, using 
the Peltier effect, to neutralize the temperature rise 
due to the combustion under measurement. The 
current in the Peltier junctions is regulated, through 
the agency of the thermocouples, to maintain the tem- 
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perature of the bomb constant within 0.0001 deg. cent. 
and a measurement of this current furnishes a direct 
indication of the rate of heat evolution. ! 1% 14) 15, 16 

It is characteristic of all pure metals that they change 
their electrical resistance with changes in temperature; 
and this property has been widely used in measurement 
of temperatures. As a rule the detector employed in 
this class of work consists in a small coil of wire (usu- 
ally copper, platinum or iron), forming one arm of a 
Wheatstone bridge, the remainder of the bridge circuit 
beirig at or near the point where the indication is re- 
quired. (see Fig. 2). As in the case of the thermo- 
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Fig. 2—ELEMENTARY CircuirT or ReEesistaNce THERMOMETER 
(b) Wheatstone bridge circuit 
(rv) Resistance coil, exposed to temperature under measurement 
(g) Galvanometer 


electric system, the indicator may be either direct 
reading, in which the galvanometer in the bridge circuit 
is graduated in thermal units, or the galvanometer may 
be incorporated in a zero-reading device, either in- 
dicating or recording: In either case the simplest ar- 
rangement is that embodying the direct reading instru- 
ment; but far greater accuracy and higher precision are 
obtained when zero methods are used. In determina- 
tion of temperatures of small areas the thermo-electric 
method is usually the more satisfactory; while if the 


Fic. 3—RapdiaTION PYyRoMETER 


(m) Concave mirror 
(c) Thermocouple 
(t) Focusing telescope 


average temperature of a considerable mass or area is 
required, the resistance method is often the better. 
This is particularly evident in the determination of the 
temperatures of the windings of electrical apparatus. 
“Hot spots’ are better located by thermocouples 
placed in proximity to the windings, while average 
temperatures of coils may be measured by closely 
associated resistance units or by direct measurement of 


the resistance of the windings themselves, 17: 18> 20 21, 22, 23. 


Another application of the electric current in tem- 
perature measurement is found in the optical pyrometer 
used in the determination of temperatures in the lumi- 
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nous range (Fig. 4). Here the heated body or surface 
is viewed in contrast with the filament of an incan- 
descent electric lamp, and the current through the 
latter adjusted until the filament diasppears against 
the heated background. A reading is then made of 
the current, from which the temperature of the filament 
and consequently of the heated body may be deter- 
mined (Fig. 5). 24: 7: 26, 27 

Since both the thermo-electric effect and the resist- 
ance method are particularly suited to the measure- 
ment of temperature difference, use has been made of 
them in determining quantities which depend primarily 


Fira. oR DiIsaPpPEARING-FILAMENT PYROMETER 


(1) Incandescent lamp 

(vr) Adjusting rheostat 

(t) Viewing telescope 

(a) Ammeter in lamp circuit 


4—OPTICAL, 


upon this difference. A heat-flow meter dependent 
upon temperature gradient in a known mass, has been 
developed for study of boiler-room conditions; and 
a humidity recorder, depending for its action upon an 
electrical measurement of the difference in temperature 
of a wet and a dry-bulb thermometer, has recently made 
its appearance in several forms. Another form | of 


Fie. 5—Opticat, or DisapPEARING-FILAMENT PYROMBETER 


hygrometer, lately exhibited in England, directly de- _ 
termines the percentage of moisture in the air by meas- 

urement of the dew point. Radiant heat from a small 
lamp falls upon a polished metal surface, whose tem- 
perature is regulated by a brine coil, whence it is re- 
flected and focussed upon a small thermo-junction in 
the circuit of a galvanometer. When dew forms upon 
the polished surface the thermo-electric current is re- 
duced; and a distinct disturbance of the galvanometer 
indication takes place. The sharpness of indication 
and the essential simplicity of this apparatus make its 
use highly desirable in hygrometric work, particularly 
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at low temperatures. Many other applications of 
electrical methods of measuring temperature and tem- 
perature difference will be found in the subsequent sec- 
tions of this) paper. 79: 75 pias ates 


II. MEASUREMENT OF STRESS, STRAIN: OR SMALL 
CHANGES IN PHYSICAL DIMENSIONS 


While it has long been known that molecular strain 
has the effect of producing measurable changes in the 
electrical and magnetic characteristics of many mate- 
rials, the principal uses which have so far been made of 
these properties in measurement of the stress respon- 
sible for distortion are associated more with contact 
surfaces and air-gaps than with the masses of the 
stressed materials. The change in contaet resistance 
accompanying change of pressure is well known in its 
application to the carbon pile, long used for rheostats, 
where smooth regulation is required. It is only re- 
cently, however, that this property has been used in 
precise quantitative measurement; and in a “Tele- 
meter,” lately developed in the Bureau of Standards, 
the inherent objections to the use of the carbon pile 
for quantitative work seems to have been removed by 
a simple system of compensation, and the principle 
made available for measurements requiring a consider- 
able degree of precision. The basic idea of the tele- 
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Fig. 6—Carson Prue TELEMETER 
(e,c) Carbon Stacks 


(r,r) Balancing resistances 
(a) Moving element 

(y) Supporting yoke 

(g) Galvanometer 


meter lies in the use of two similar carbon stacks, built 
up of rings, carefully selected and ground, placed under 
a predetermined stress, and connected as adjacent 
arms of a Wheatstone bridge circuit (Fig. 6). With 
this arrangement, changes in temperature, or over-all 
pressure and other disturbing factors tend to balance 
out; and the force under investigation, producing a 
difference in pressure of the two piles, is the only ex- 
ternal influence reflected in the electrical circuit. This 
princivle has been used in the study of not only slowly 
_ changing stresses, but, in conjunction with the oscillo- 
graph, of vibratory forces of considerable frequency. 
During the last few months, experiments have been 
carried out by the Bureau of Standards, in which car- 
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bon piles are permanently cast into concrete structures, 
so that stress determinations may be made at. any 
future time desired. 35, 36, 37, 38, 39, 40, 41, 42, 48, 44, 45 

The piezo-electric effect in cyrstals of quartz and 
certain salts has been employed with great success in 
many studies of stresses and mechanical vibrations. 
The best exemplification of this property is probably 
that found in Rochelle salt. Though its characteristic 
of exhibiting certain electrical potentials when under 
stress has been known for some time, it remained for 
engineers in the laboratories of the Western Electric 
Company in 1917 to bring this property to practical 
application in engineering work. By proper prepara- 


Fic. 7—Hot-Wirte Micrometer 
(c, ce) Helical coils 
(v,r) Balancing resistances 
(a) Moving element 
(g) Galvanometer 


tion and treatment of the crystal it was possible to 
greatly magnify the weak effects which had been ob- 
served; and, in general, it was found that the best 
effects are obtained when the crystal is submitted to 
torsional forces, when, under proper conditions, a poten- 
tial difference of several volts may be obtained between 
points on the crystal before the elastic limit of the 
material is reached. While the earlier experiments 
with the piezo-electric effect were directed principally 
toward the development of sound transmitting and 
reproducing apparatus, considerable recent work has 
been done in its use for the measurement of stresses and 
vibrations in machinery and mechanical structures. 
The freedom from frictional or inertia effects makes 
the principle particularly desirable in the study of 
rapidly changing stresses, and the property has been 
used with great success in obtaining indicator diagrams 
of explosion pressures in heavy ordnance. 4° 47) 48, 49, 50, 51 

In the measurement of very small distances or 
changes of length, there has been found a valuable ap- 
plication of the thermionic tube and its associated cir- 
cuits. In general the two points between which the 
measurement is to be made are attached to, or them- 
selves become, the plates of a condenser which is a part 
of a tuned circuit. A microscopic change in the dis- 
tance between the points is enough to materially change 
the capacity of the condenser, and by disturping the 
tuning of the system, to introduce beat sounds or other 
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effects by which the change in dimensions may be 
gaged, 52) 53, 54, 55, 56, 57 

A novel application of combined temperature and 
resistance effects to the measurement of small deflec- 
tions is found in a hot-wire micrometer recently ex- 
hibited in England. Two small enclosing cells each 
contain a loosely wound helix of copper wire. 
coils are connected mechanically and electrically by a 
fine straight wire which holds them in a slight degree of 
tension. This wire forms the point of attachment of the 
member the motion of which it is desired to detect, and 
incidentally of the galvanometer in a Wheatstone 
bridge circuit. The two coils thus form adjacent arms 
of the bridge, which is balanced by two other arms in 
the ordinary way. Any movement of the connecting 
wire between the coils, in the direction of its length will 
lengthen one coil and shorten the other, thus changing 
the ratio between radiating surface and heat generated 
‘by the bridge current, and altering the relative tem- 
perature of the coils. (See Fig. 7). This, in turn, pro- 
duces a change in the resistance ratio, with a subse- 
quent unbalancing of the bridge; which unbalance 
may either be read directly on the galvanometer or 
compensated by one of the standard types of recording 
instruments. This arrangement has been devised par- 
ticularly for application to the measurement of small 
deflections, such as are produced in specimens under 
mechanical stress and for application to bourdon tubes. 
It is claimed for the device, that there may be obtained 
a magnification of one thousand times between the 
original motion and the deflection of the indicator. An 
entirely different application of the convection of heat 
_ from small wires to the measurement of pressures is 
found in a thermal vacuum gage employed by some 
investigators. A fine electrically heated wire is placed 
in the evacuated space, and observations made of its 
resistance, as affected by temperature. As this tem- 
perature is a function of the generation and dissipation 


of heat, it is thus made possible to determine with great 


accuracy the density of the gaseous medium. * *” ® 

A flexible system of studying small deflections has 
recently been developed by a German engineer. The 
points between which measurement is to be made are 
connected by fine stretched wires, forming a bridge cir- 
cuit. This circuit feeds an oscillograph, and enables 
records to be obtained of movements both sustained 
and oscillatory. Oscillographic records of vibrations 
in machinery have also been obtained by connecting 
inductive circuits to the vibrating parts and supplying 
‘ to the instrument the small currents set up in these 
circuits by vibratory action. %> ®- 6%, 64, 6 

A unique application of the two-phase current to 
mechanical testing is found in the alternating stress- 
testing machine, developed by Professor Haigh of the 
Royal Naval College, Greenwich, England. This de- 
vice is used in the performance of fatigue tests on speci- 
mens which are required to withstand a great number of 
successive stresses. The vibrating element of the 
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machine is excited by two-phase currents having a 
periodicity of about 1000 cycles per minute, and the 
stresses in opposite directions are equalized by balancing 
these currents in a differential ammeter. The armature 
to which the vibratory forces are transmitted carries 
a set of small search coils; and the average value of the 
stress is determined by measurements made of the volt- 
age induced in these coils. ® 

In the ‘‘Low”’ oscillograopbh manograph, use is made 
of a microphone and a special very heavy design of tele- 
phone receiver, in the determination of phenomena 
attending the performance of internal combustion 
engines; and with it, it is possible to obtain indicator 
diagrams, as well as to determine general operation 
conditions, under very exacting and severe circum- 
stances. 67, 68, 69, 70 


Wr 


The flow of both liquids and gases can be determined 
by a number of eleetrical methods; and several of these 
have become standardized in modern engineering prac- 
tice.. In liquid flow meters use is made of either the 
electrical conductivity or heat capacity of the fluid, or 
electrical measuring devices may be employed. as 
auxiliaries in the determination of the pressure head 
developed by the flow of the liquid through an orifice 
or a Venturi tube. 

A highly satisfactory means of determining the veloc- 


MEASUREMENT OF FLOW OF LIQUIDS AND GASES 


_ity of flow of water, particularly applicable to large 


conduits, such as penstocks, is found in Prof. C. M. 
Allen’s’ recently developed “salt-velocity’’ method. 
There is injected into the penstock a quantity of saline 
solution, the presence of which has a marked effect 
upon the electrical conductivity of the water. The 
passage of the solution is detected by means of an elec- 
trode consisting of a pair of parallel plates projecting 
well into the liquid and connected in-series with a de- 
tector circuit. A number of schemes have been used 
for determining, from the current flow across the elec- 
trodes, the velocity of the water in the pipe. One is 
to measure the time lapse between the injection of the 
salt solution and the time of maximum conductivity 
between the electrodes situated a measured distance 
along the conduit. Another employs two similar pairs 
of electrodes, and the time interval is taken between 
the instants of maximum conductivity at the respective 
stations. While the electrical readings may be ob- 
tained with ordinary ammeters, there has been devel- 
oped an ingenious recording arrangement, wherein the 
record appears on a graphic chart as two series of dots 
from which the time interval may be scaled off at 
leisure. 7» 72 78 eur 

Experiments have been carried out with a view to 
establishing a definite relationship between the resist- 
ance to passage of an electric current between two 
electrodes and the velocity of motion of the water in 
which they are immersed; but in the present stage of 
development, this relationship, while it unquestionably 
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exists, has been found to be of too erratic a nature to 
justify its employment for flow determination. ™ 7% 

A device designed particularly. for measuring oil- 
flow in transformers consists in a very small ball of 
copper wire which is inserted in the pipe. This ball 
forms one arm of a bridge circuit, the other arms 
being varied in such a way as to maintain a con- 
dition of balance. By this means a determination is 
made of the number of watts necessary to keep the 


Fie. 8—Kine Gas METER 


(w) Heated wire 

(b) Kelvin bridge circuit 

(r) Adjusting resistance 

(zg) Galvanometer in bridge 
(a) Ammeter in current circuit 


little ball at a constant temperature. Referring these 
values to a calibration curve, it is possible to read off 
the flow of oil in the transformer cooling system. A 
somewhat similar application is found in the Griffith’s 


depth gage, used for measuring the amount of liquid > 


in tanks. Here the radiating conductor takes the form 
of a straight slender wire reaching down into the liquid 


Fic. 9—TuHomas Gas METER 


(h) Heating elements 

Measuring resistances 
Balancing resistances 

(g) Galvanometer in bridge circuit 
(w) Wattmeter in heater circuit 


from above. A similar wire, parallel to the other, but 
shielded by a tube from actual contact with the liquid, 
serves to compensate for changes in the temperature 
of the liquid. The cooling of the exposed conductor 
is proportional to its immersion, and the unbalance so 
introduced is read on a galvanometer or recorded by a 
graphic instrument. A device of this nature, used in 
connection with a calibrated weir forms a very con- 
venient flow meter. 77: 78, 79 
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In the measurement of gas-flow, a wide use has been 
made of the principle known as the hot-wire anemome- 
ter, in which a heated wire is exposed to the flow, and 
an electrical determination made of the cooling effect 
upon the wire. For most practical conditions the in- 
dications of the anemometer depend upon the product 
of density and velocity. In the meter developed by 
Dr. L. V. King, an electrically heated wire reaches 
across the pipe in which the measurement is to be made 
and means are provided for adjusting the current so as 
to maintain the wire at a fixed value of resistance (Fig. 
8). A measurement of this current gives the instan- 
taneous value of the flow of gas, and the results may 
be obtained in an indicating, graphic or integrated 
form. <A very similar device has been used to measure 
the air-intake on internal combustion engines. *°: 81: 8?) 83, 84 

The cooling effect of the gas stream is made use of 
in a somewhat different way in the Thomas gas meter, 
which is based upon the measurement of the amount 
of heat required to raise the temperature of the gas 


Fig. 10—Rerusiic FLtow-MetTer 
(0) Orifice or Venturi tube 
(u) Modified U-tube 
(v) Calibrated rheostat 
(m) Mercury 
(a) Ammeter in current circuit 


through a known range. Two similar resistance ther- 
mometers, forming two arms of a bridge are inserted 
in the main, and between these is placed a heating ele- 
ment. Both the heater and the resistance thermome- 
ters are well distributed over the cross section of the 
pipe (Fig. 9). While this meter has a number of forms, 
its commercial arrangement is such that a constant 
temperature difference is maintained between the two 
resistance thermometers by means of adjustment of 
the current flowing in the heater, and measurement is 
made of the power represented by this heating current. 
The meter is made in a recording form, and may be 
made to réad either in pounds or in cubic feet at any 
desired pressure and temperature. %%: 86, 87, 88, 89, 90, 91, 92, 
93, 94, 95, 96, 97 

The importance of knowing the amount of steam 
consumed in power plants has led to the development 
of a number of practical flow meters, which have now 
become standard equipment in all large steam-driven 
stations. The pressures, temperatures and velocities - 
here met with prohibit the methods which are appli- 
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cable to ordinary gas-flow measurements and recourse 
is had to the orifice or the Venturi tube. The pressure- 
head, so developed, may then be determined by elec- 
trical means. One of the best known is the Republic 
flow-meter, in which the U-tube normally found as an 
accessory of the Venturi meter is developed into a 
reservoir containing mercury, which, as it rises, short- 
circuits the ends of a number of vertical rods of differ- 
ent lengths forming the terminals of resistances (see 
Fig. 10). ‘Changes in the mercury level thus serve to 
operate a rheostat, this rheostat forming a part of a 
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Fie. 11—G. E. Frow-MeEtTer 


(0) Orifice or Venturi tube 
(au) Modified U-tube 

(t;) Step-down transformer 
(t2) Measuring transformer 


(m) Mercury, forming secondary of measuring transformer 
(a) Ammeter in A. C. supply circuit 


circuit supplied from a source of constant voltage. 
Thus, the value of current flowing in the circuit depends 
upon the flow through the pipe, and by properly pro- 
portioning the resistance between rods, it may be made 

directly: proportional to the flow. The current may 
_ be made to actuate an indicator or a recording instru- 
ment; or, if desired, it may be passed through an in- 
tegrating meter to produce a record of the volume of 
fluid which has passed through the pipe. °°: 9» 10 391 

A development somewhat similar to the above is 


found in the flow-meter recently announced by the. 


General Electric Company, shown in Fig.11. In this, 
the column of mercury, instead of bridging the points 
of a rheostat, forms a short-circuited secondary to a 
small transformer. ‘As the height of the mercury 
changes, the cross-section of the ring varies, and with 
it, the secondary conductivity. This produces a varia- 
tion in the primary current which may then be meas- 
ured by any of the standard methods for metering al- 
ternating current quantities. The same apparatus has 
been applied in the indication of vacuum and 
water level. 102) 103, 104 

As an illustration of the ease with which the prop- 
erties of the electrical circuit lend themselves to the in- 
vestigation of problems in other branches of science, 
there may be mentioned a method of tracing the steam- 
_lines of flow about a ship or other diverting body placed 
in the path of a fluid. Use is made of the fact that the 
stream lines for flow past an obstacle are coinci- 
dent with the equipotentials for a conductor of the 
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same shape in an electrostatic field. A model of the 
figure to be investigated is placed in a rectangular tank 
full of water, and containing two sheets of aluminum 
mounted on its longer sides. Alternating-current of 
audible frequency is supplied to the sheets, and two 
electrodes, one fixed and the other movable and at- 
tached to a pantagraph which allows its position to be 
recorded on a sheet of paper, dip into the water. These 
electrodes are connected to a low frequency amplifier 
and a telephone. By moving one electrode to balance 
out the sound, it is possible to establish a series of 
equipotential lines corresponding to various settings of 
the fixed electrode, and thus to very faithfully duplicate 
the conformation of stream lines in a fluid body. 1% 


IV. MEASUREMENT OF ANGULAR AND LINEAR 
VELOCITIES 


Where alternating-current generators are attached to 
rotating shafts the electrical measurement of angular 
velocity consists simply in determination of the fre- 
quency of the generated electromotive force which may 
be accomplished with one of the many forms of electrical 
frequency meter. In cases where the frequency meter 
does not possess the requisite accuracy or precision, 
use may be made of the alternating-voltage as an ele- 
ment in some more precise type of measurement. 
Where the problem is one of determining the relation- 
ship between two speeds, as in the measurement of 
slip in an induction motor, there are available a large’ 
number of stroboscopic methods either partially or 
wholly electrical. Some part of the revolving part of 
one machine may be viewed, either through a slit opera- 
ted synchronously with the other, or by illumination 
from a source which flickers at a speed definitely related 


Fig. 12—Saquirreut-Cace TACHOMETER 


(n, s,) Permanent magnet 
(v) Pivoted vane 
(r) Rotor 


to the velocity of the other. In this conncetion the 
neon lamp has proved particularly valuable. Or one 
machine may be caused, to operate a synchronous 
contactor in the circuit of a current which is either 
generated or commutated by the other. In any of 
these stroboscopic methods the result is a beating 
effect, whose period represents the difference in speeds 
of the machines, and which may be determined with 


far greater precision than could either speed alone. 
107, 108, 109, 110, 111, 112, 113 . 
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Where absolute measurement of the speed of one 
machine is required, a stroboscopic method may still 
be used, the standard velocity being obtained from a 
pendulum or tuning fork. When comparatively low 
angular velocities, such as those of large generators, 
are to be determined, the measurement may conve- 
niently be made by having a contactor on’ the shaft 
operate one pen on a chronograph, in comparison with 
another operated from a standard pendulum. An 
interesting application of the stroboscopic principle 
lies in the Elverson ‘‘Oscilloscope,”’ a device de- 
signed for visualizing rapidly reciprocating parts of 
machinery. 114, 115, 116, 117 

A speed indicator depending for its action upon the 
modification of the main field by the cross-magnetizing 
effect of the armature current in a small generator is 
that known as the squirrel-cage type (Fig. 12). The 
field is produced by a permanent magnet, between the 
pole-pieces of which rotates a squirrel-cage very similar 
to the electrical circuit of an induction motor secondary. 
Within this cage, pivoted upon the main axis of rota- 
tion, floats on a small soft iron vane, to which is attached 
the pointer of the instrument. With the rotor at rest, 


Fie. 13—ConpEenseR Metuop or DETERMINING VELOCITY 


(s,s) Strips successively broken by projectile 
(k) Calibrated condenser 
(g) Ballistic galvanometer 


the vane lies along the magnetic axis, and the pointer 
indicates zero. As the rotor revolves eddy currents 
flow in the bars, tending to set up a cross-field in the 
air-gap of the magnet, thus modifying the resultant 
direction of the field, and causing the vane to take up a 
new position of equilibrium. The extent of deflection 
of the vane depends upon the amount of field distortion, 
and henceis representative of the velocity of the rotor." 

Not unlike the squirrel-cage indicator is the well- 
known magnetic tachometer widely used on automo- 
biles. Here a small permanent magnet rotates within 


a metal cylinder, inducing eddy-currents and dragging . 


the cylinder around, against the counter-torque of a 
spring, so that the deflection is proportional to the 
velocity of rotation. The graduations are marked 
upon the outer surface of the drum, and are observed 
through a small window in the casing of the instrument. 

The electrical tachometer, in which speed measure- 
ment is obtained by means of a small generator driven 
from. the shaft, is standard equipment supplied by a 
-number of manufacturers. In some forms of this type 
the generator produces alternating-current, and measure- 
ment is made on the frequency; but the most common 
form generates a direct-current the pressure of which 


BORDEN: ELECTRICAL MEASUREMENT OF PHYSICAL VALUES Transactions A. I. E. E 


is measured with an ordinary voltmeter graduated 
in revolutions per minute. 

There have been developed a number of essentially 
electrical methods of measuring linear velocities, par- 
ticularly at very high speeds such as are found in studies 
of projectile flight. In one of these the projectile is 
caused to pass through two solenoids in succession, 
the time interval being determined by timing the 
impulses set up in a current flowing in the coils. A 
more precise method employs the discharge of a con- 
denser whose circuits are successively interrupted by 
the passage of the bullet. (see Fig. 13.) Two strips of 
tinfoil are placed in the line of flight, and connected in 
such a way that the rupture of the first removes a short- 
circuit from the condenser, while the breakage of the 
second open-circuits the source of supply. The 
charge accumulated in the condenser in the interval 
is then measured by an electrometer or otherwise; 
and from the characteristic curve of charge the value of 
the time interval may be determined with great pre- 
cision. It is claimed for this method that the velocity 
of an ordinary rifle bullet may be determined when the 
strips are only an inch apart. The method has also 
been applied to measuring the duration. of very short 
intervals of contact; and a similar device has 
been adapted for the determination of angular 
velocities. 119., 120, 121, 122, 128), 1945 195, 126, 127, 128), 129) 136 

In an apparatus developed by Mr. R. Ferguson of the 
Research Department, Woolwich Arsenal, for deter- 
mining flash velocity and pressure factors of ignitory 
detonators, the detonator is placed on. the top of a 
vertical tube. The hot ionized gases rushing down the - 
tube close successively two circuits of a battery, con- 
denser valve and one string of an Einthoven galvanom- 
eter, from which records of the speed can be obtained. 
Between the tube and the steel block upon which it 
rests is placed a turmaline erystal in circuit with a 
valve and a ballistic galvanometer to measure the 
piezo-electric current generated by the pressure of the 
explosion. 


V. MEASUREMENT OF WORK — 


In a general study of the measurement of work, it 
is not necessary that hair-splitting distinctions be 
made between work, force and energy; and some of the 
methods particularly applicable to the one quantity, 
are so principally because of their adaptability to the 
other. Since energy may, itself, be an electrical 
quantity, the wattmeter and the watthour-meter may 
be looked upon as instruments performing measure- 
ments of work; but, leaving these, which lie outside 
the scope of this study, there remain a number of de- 
vices for measuring physical work by electrical means. 


The most common device for direct measurement of 
work is the dynamometer; and both the transmission 


-and absorption dynamometer have appeared in elec- 


trical forms. The transmission type usually takes the 
form of a torsion meter, measurement being performed 
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either upon a portion of the main shaft of the unit under 
test. or upon a prepared member of known resiliency. 

In the Moore dynamometer, a special spring is in- 
serted in the shaft upon each element of which is 
mounted a small alternating-current generator. The 
two generators are identical in design, and are excited 
with their fields in series from a common source of 
direct-current. When there is no torque in the shaft, 
and consequently no twist in the spring, the adjustment 
of the machines is such that they are of exactly opposite 
polarity. However, as soon as any angular displace- 
ment occurs, a resultant voltage appears, the two 
generated voltages being no longer in opposition; 
and since this voltage is a function of torque multiplied 
by speed, a properly calibrated voltmeter will give a 
direct measurement of the energy being transmitted 
by the dynamometer. By measuring either of the 
component voltages alone, a direct determination of the 
velocity of the shaft may be obtained.!*! 

An interesting form of dynamometer, developed by 
Messrs. Johnson and Denny, operates on the induction 
principle, using a differentially wound telephone as a 
detector. On the shaft in which the torsion is to be 
measured there are fixed at a suitable distance apart, 
two light non-magnetic wheels, each carrying a per- 
manent magnet with a rather sharp point. Fixed 
near the periphery of these wheels are inductor units 
consisting of sets of little coils arranged about a small 
angle of the are of rotation. Each coil of the inductor 
may be separately connected to the detector circuit by 
means of dial switches, so that it is possible to oppose 
any coil in one unit to any coil in the other, through 
the telephone detector. By using different numbers of 
coils on the respective inductors a vernier arrangement 
is obtained, so that by setting the dial switches, coils 
varying by small angular increments on the two 
wheels may be opposed. In operation the dials are 
manipulated until a condition of least noise in the 
telephone is obtained, when the angle represented by 
the setting is that of torsion of the shaft, from which 
value the transmitted power may be computed.!” 

Another electrical type of torsion meter developed 
by the same investigators depends upon the variation 
of the constants of a transformer with change in the 
air-gap. ‘Two iron sleeves, carried on the two ends of 
the shaft under test, form a part of the magnetic cir- 
cuit of a small transformer. As the torsion of the 
shaft varies, the air-gap between these sleeves changes, 
with the consequent result, that owing to the redistribu- 
tion of flux, there is a change in secondary voltage. 
The torque is then determined from the indications of a 
voltmeter in the secondary circuit. A modification 
of this arrangement, due to Moullin, includes a genera- 
tor driven from the same shaft, so that, the frequency 
changing with. the velocity, the current through the 
magnetizing coil is independent of the speed of rotation 
and gives a direct measure of the twist or torque in the 
shaft. This current, bearing a linear relationship to 
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the torque, may be measured either directly in an 
ammeter or recorded by an oscillograph. This form of 
the instrument has been found particularly useful in 
measuring the torque in Diesel engines and other 
prime movers, 138) 134, 135, 136, 187 

In the absorption dynamometer, the energy trans- 
mitted from the shaft is all converted into heat or elec- 
trical energy, the measurement performed upon the 
factors controlling the conversion. There are two 
principal electrical forms of this dynamometer, known 
respectively as the eddy-current, and the generator 
types. In the eddy-current dynamometer the power 
under measurement is delivered to a disk or other 
form of short-circuited conductor rotating in an ad- 
justable magnetic field. The torque is opposed by 
weights, as in the prony brake, but the retardation is 
adjusted by regulating the field current to a value where 
a condition of equilibrium exists. The actual quanti- 
tative measurement is made upon the weights, and the 
electro-magnetic effects may be said to serve only as a 
convenient means of absorbing the energy. The 
generator type of dynamometer has provision for 
making a direct measurement of either the mechanical 
torque or the electrical energy produced. The best- 
known form of this apparatus consists in a direct- 
current generator, having its field structure carried on 
knife-edges, allowing it to rotate through a small 
angle against a measured force. The output of the 
generator may be regulated and also metered, thus 
providing two independent means of determining the 
value of the power. In many instances an added ad- 
vantage of this scheme lies in the possible regenerative 
use of the dynamometer, the power being returned to 
the main circuits of the plant or employed for other 
useful purposes. Perhaps the most recent develop- 
ment in electrical dynamometers is that in which an 
electric locomotive is.made use of in testing a steam 
locomotive. The latter pulls the former along the 
track; and load is supplied by making use of the re- 
generative feature of the electric unit, electrical power 
being back-fed into the trolley and measured with 
ordinary electrical instruments. 138) 139, 140, 141, 142, 148, 144 

An interesting though hardly precise form of power 
plant instrument.recently developed in England is the 
Gilson “Efficiency meter,’’ devised for the purpose of 
giving, at any time, an indication of the efficiency at 
which a steam-driven plant is operating. The meter-° 
ing element consists in a movement similar to that _ 
used in the power-factor meter, wherein a pointer takes 
up a position representative of the ratio of two currents 
flowing in separate windings. One of these windings 
is supplied with current whose value is controlled by. 
the rate of fuel supply to the boiler, while the other 
receives its current from a transformer or shunt on the 
main bus. The ratio of these two quantities, as shown 
on the indicator, will then be a rough measure of the 
over-all efficiency of the unit under consideration, or of 
the whole plant, according to the arrangement of the 
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electrical circuits. The limitation of this type of in- 
strument would appear to lie in the precision with which 
the input energy may be measured; and it would seem 
that in hydroelectric plants or in stations using pow- 
dered or liquid fuel, where a fairly accurate and continu- 
ous measure of the input may be obtained, it might 
find considerable application, particularly if a differ- 
ential instrument instead of a ratio type of indicator 
were employed, the final measurement being one of 
over-all losses rather than of efficiency.'* 


Vi. 


The close association which exists between radiant 
and electrical effects, as we now understand the terms, 
gives rise to a host of points of contact between the two 
classes of measurable quantities. But because of the 
difficulty of definitely applying the term “‘non-elec- 
trical” or “non-magnetic” to any radiant phenomenon, 
we are limited in this study to a few of the more out- 
standing measurements where we may safely feel that 
we are not too far trespassing upon. the preserves of 
the physicist. 

The effect of light upon the electrical resistance of 
selenium and similar metals is familiar to all; and while 
many uses have been made of this property, it can not 
besaid that any great progress has been made in the quan- 
titative measurement of illumination by this means. 
This is due principally to the selective quality of these 
materials for various wave-lengths differing from that 
of the retina of the eye, to such an extent as to render 
impracticable, the replacement of the eye in photom- 
etry. A lack of constancy which further characterizes 
selenium precludes its use for measurements where 
there is need for any degree of maintained ac- 
curacy. Recent researches have placed before us a 
mass of valuable material in regard to the relations 
between radiant energy and _ electric-current phe- 
nomena; and the new developments in photo-electric 
cells already in evidence point to a great expansion in 
the application of electrical principles to the practice of 
photometry and allied measurements. The photo- 
electrical properties of the: materials which have been 
investigated may manifest themselves in a change of 
electrical resistance or of thermo-electro-motive forces, 
a change in the electron discharge in an evacuated tube 
or by a definite electrical potential difference between 
-parts of the specimen under exposure to the radiant 
energy. A photo-electric cell developed in 1923 by the 
General Electric Laboratories utilizes the principle of 
electronic discharge, and has already found wide appli- 
cation in the sorting of materials according to 
colour. TAG vas saaes 179 incl. 

The best-known methods of measuring radiant 
energy are, however, those which employ the thermal 
effect due to the impinging of the energy upon a sur- 
face to be heated; but these are more properly dis- 
cussed under the head of ‘“Temperature Measurement,”’ 
and as such have been briefly touched upon in their 
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elementary forms, as the thermo-galvanometer and 
the bolometer, and will be further referred to in the 
discussion of iceberg detectors under the heading of 
“Navigational Measurements.” 


VII. DETERMINATION OF CHEMICAL AND MOLECULAR 


CONDITIONS 


The rapidly closing gap between the phenomena of 
chemistry and those of electricity has been bridged 
be electrical measurement so often as to make it 
probable that the writer of a few years hence will not 
be able to class measurements in the field of chemistry 
as applying to “non-electrical’’ quantities. Electrical 
measurements have so intruded themselves into the 
work of the chemist as to make it appear that in the 
very near future his voltmeter, his potentiometer, and 
his oscillograph will be as much a part of his standard 
equipment as are his present-day reagents and 
balances.'®° 

An electrical measurement which has found very 
wide application in both organic and inorganic chemis- 
try is the determination of hydrogen ion concentration. 
The essential characteristic of an acid is its replaceable 
hydrogen atom, or, in terms of the theory of electrolytic 
dissociation, -its ability to give off hydrogen ions in 
water solution. In general it may be said that the 
amount and the speed of the action of an acid is depend- 
ent only upon the concentration of the hydrogen ions. 
When a metal is dipped into an acid solution there at 
once takes place an interchange of ions, resulting in 
the establishment of a definite electrical potential 
between the metal and the solution. If two similar 
electrodes are dipped into two solutions of different 
concentration, and these solutions be electrically con- 
nected, the potentials will be different; and ifan external 
circuit be provided there will be a tendency for current 
to flow between electrodes. The potential difference 
will be proportional to the concentration of the ions of 
the electrodes in the respective solutions. If, then, 
an electrode of hydrogen is used, there will be developed, 
in such a cell, a potential representative in its value of 
the concentration of hydrogen ions in the electrolytes. 
Such an electrode may be prepared by depositing a 
film of finely divided platinum, palladium or iridium 
upon an inert metal and saturating it with hydrogen 
gas at a definite pressure. The metal is inert as re- 
gards hydrogen ions; hence any electrical potential 
developed between electrodes is due to the respective 
concentrations of hydrogen ions in the solutions.!*!: 182: 
183. 184, 185, 186, 187, 188 

As any flow of current at the time of measurement 
will have an effect sufficiently disturbing to vitiate the 
results it is necessary that the measurement of potential 
be made by some method wherein no current is drawn 
atthetime ofreading. There are three general methods 
whereby this may be done, embodying the use respect- 
ively of the quadrant electrometer, the condenser and 
the potentiometer. Of these the last named is capable 
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of giving the greatest accuracy, and is probably more 
convenient in its operation than either of the others. 
Any of the standard laboratory types of potentiometer 
may be used; and, if required, the apparatus can be 
obtained in a continuously recording form. The 
electrometric method has been successfully applied in 
determining the acid content of lubricating and trans- 
former oils. 

An interesting use of the oscillograph in chemical 
work is found in a recently published study of the rate 
of diffusion of certain metals in solutions of their salts. 
This work, carried on by Professors Miller and Burt- 
Gerrans, of Toronto University, consists ina detailed 
study of the intensity of concentration of electrolytes 
during short time intervals after the application. 
While it is essentially a fundamental investigation in 
pure science, it is one whose results should have im- 
mediate application in such work as battery charging 
from rectified currents, and electrolytic processes in 
general.!89: 190, 191, 192, 193 

Much has been accomplished in the adaptation of 
electrical measurements to studies of the chemical 
and molecular properties of steel and ferrous’metals in 
general. A rather indirect method of determining 
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the carbon content of a steel consists in passing the 
carbon dioxide produced by direct combustion of the 
metal into a solution of barium-hydroxide of known 
resistance and basing the results upon a determination 
of the increased resistance of the solution due to the 
precipitation of barium ions. In a practical develop- 
ment of this method, as worked out by Messrs. Cain 
and Maxwell, of the Bureau of Standards, great 
accuracy has been obtained, and results can be produced 
in a very short time. The products of combustion are 
passed through a special absorption vessel, and the 
electrical resistance measured by means of an alter- 
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nating-current bridge operating on commercial fre- 
quency. The resistance values are then applied 
in a special nomographic chart which compensates for 
temperature conditions and gives a direct reading of 
the percentage of carbon in the steel.!% 

Through a system of magnetic analysis, the percent- 
age of carbon in steel is determined in the ‘““Carbometer” 
developed by Messrs. Malmberg and Holmstroem. 
The method requires a test piece cast in a special mold 
to fit a space provided in the apparatus so that it be- 


Fig. 15—LEerps & Nortrurue RECORDER 


comes a part of the magnetic circuit of a special type 
of generator. The action of the generator, which is 
operated by clockwork, is to expose the specimen to the 
alternate action of two magnetic fields of different 
intensity. After a few cycles of magnetization the 
relation between the greater and the lesser induction 
becomes practically constant, and the armature of the 
generator comes to rest in the position which gives the 
stronger field through the specimen. By depressing a 
button, the armature is then caused to rotate to the 
position of weaker field and the change of flux deter- 
mined by a coil linked with the magnetic circuit and 
connected to a ballistic galvanometer. Since the 
reading is representative of the difference of the two 
fluxes in the one specimen it has been found that slight 
flaws, cracks or roughnesses have but little effect upon — 
the final results. With the same treatment it is found 
that a very definite relationship exists between the 
readings of the galvanometer and the percentage of 
carbon in the specimen, enabling determinations of 
carbon to be made with an accuracy equivalent to that 
obtaining with the most careful chemical analysis. 
The carbometer has also been applied in the deter- 
mination of the amount of other metals such as 


aluminum, silicon, manganese and chromium in the 
iron,195> 196, 197, 198 
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Certain operations in the treatment of steel and 
ferrous alloys in general should take place at definite 
temperatures which are closely related to what are 
known as the “transformation points” of the metal. 
At these critical points there occur important changes 
in the internal characteristics of the steel; and these, 
being reflected in a number of electrical and magnetic 
phenomena, may be determined with great accuracy 
by electrical means. The critical points have been 
studied by observations of the thermo-electric effect, 
the electrical resistance, the magnetic permeability 
and the heating and cooling curves; and while there 
does not as yet seem to obtain a perfect agreement 
among the several methods, there has been collected a 
vast amount of data, enabling heat treatment to be 
carried out with an accuracy and precision quite suf- 
ficient for the most exacting requirements of modern 
industry.'° 

The thermo-electric method of determining the trans- 
formation points of iron-carbon alloys consists in mak- 
ing up a combination of thermo-couples in which the 
iron under investigation in the form of a fine wire, 
forms a part. To the two ends of the wire specimen 
are welded thermo-junctions, usually platinum, plat- 
inum-rhodium; and the wire is placed in a furnace in 
such a way that there is a slight temperature gradient 
between its ends. The thermo-couples give the 
temperatures at the ends of the wire, while the voltage 
between the platinum leads represents the thermo- 
electromotive force of the iron against platinum for the 
temperature and temperature range indicated. The 
results of these measurements, when plotted graphically, 
show a distinct discontinuity in the relationship of the 
respective curves as the critical ranges of the alloys 
are reached, and make possible the accurate deter- 
mination of the temperature at which the transforma- 
tions take place.2: 2%: 202 

In studying the critical ranges of iron by the resist- 
ance method, a curve is plotted of electrical resistance 
against temperature, when it is found that distinct 
points of inflection make their appearance at tempera- 
tures corresponding to the transformation points. 
When the magnetic method is employed curves of 
permeability are plotted against temperature, giving 
very precise results until the magnetic characteristic 
of the iron almost disappears, at a temperature of about 
780 deg. cent.2% 

The method which seems to have found the greatest 
use as a basis of heat treatment in industry is that 
based upon a study of the heating or cooling curves of 
the material. As the changes which occur at the critical 
points are accompanied by an absorption or evolution 
of heat, it follows that under the condition of heat being 
supplied to or abstracted from the specimen at a 
uniform rate, the temperature of the metal will not fol- 
low a uniform law of change, but will pause at a more 
or less constant value until the change in the structure 
of the material is completed, when it will resume its 
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change in proportion to the transfer of heat. As a 
result of this characteristic a curve of temperature of 
the metal will exhibit a “hump,”’ which indicates the 
transformation point of the material, and thus gives a 
very definite point of reference for the control of tem- 
pering -or hardening operations. A practical ap- 
paratus utilizing this principle for the treatment of 
steel employs a standard type of potentiometer-pyrom- 
eter, making its record upon a strip of coordinate 
paper. The record takes the form of a series of tem- 
perature cycles as the furnace is heated and cooled, 
and as each batch approaches its maximum tempera- 
ture, there is noted a distinct “hump” in the curve, as the 
transformation point is reached. (Fig. 16) By carrying 
the heating to a specified amount beyond this point, 
and then quenching, (or annealing, as the case may 
require) a very high degree of uniformity of product in 
various batches is virtually assured. This method in 
the past few years has found a wide application both 
in the heat treatment of tools and dies, and in produc- 
tion work, such as the hardening of gears, ball-races and 
small parts for automobiles and other machinery. 2°: 
206. 207 

Certain phases of the chemical analysis of gases may 
be’‘performed by electrical methods based upon thermal 


conductivity. Some of the earliest work on this prin- 


ciple was done in England by Mr. G. A. Shakespear; 
and his method has since made its appearance in a 
practical form of carbon dioxide recorder, produced 
both in England and America. The fundamental 
action of the device is in reality that of the hot-wire 
anemometer. In practise there are usually two similar 
heated wires, enclosed in adjacent cavities in a metal 
block, forming two arms of a Wheatstone bridge. One 
of the wires is exposed to air or some standard gas, 
while the other operates in an atmosphere of the gas 
to be measured. (Fig. 17.) Any difference of tem- 
perature, as indicated by an unbalance of the bridge, 
must then be due to a difference in the thermal con- 
ductivity of the gases, from which the characteristics 
of the gas under investigation may be determined. 
This apparatus is available in a graphic form, so that a 
continuous record may be obtained where desired, as 
in the case of flue gas analysis in power plants. The 
principle of this device has also been successfully 
applied in the following measurements: Hydrogen in 
electrolytic oxygen, Oxygen in electrolytic hydrogen, 
SO. in contact gases and the permeability of fabrics. 
Another electrical method of determining the percent- 
age of CO, in a flue gas bases its results upon the change 
of resistance of solution through which a sample of the 
gasis passed. This has already been discussed among 
the methods for determining the carbon content of 
stee 208, 209, 210 

As an accessory to the carbon dioxide recorder, 
there is sometimes furnished a carbon monoxide 
recorder, which, while of very similar construction to 
the former, operates upon a somewhat different prin- 
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ciple. (Fig. 18.) As in the CO, recorder, there are 
found the two wires in adjacent chambers, forming a 
part of a similar circuit. Here, however, the wires are 
kept at a much higher temperature than in the CO, 
recorder, so that the conductor in the active chamber 
serves as a catalyzer and ignites any CO, which may be 
present. The rise in temperature due to the combus- 
tion is much greater than that which is produced in the 
CO: meter by the change in heat conductivity of the 
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gases, completely overshadowing any change due to the 
presence of incombustible components and furnishing 
an almost perfect indication of the presence of CO, or, 
to be more precise, of (CO + H:;), in which terms the 
instrument is sometimes calibrated. Or, as is some- 
times done, a determination of CO may be made by 
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(a, a) Chambers containing inert gas or air 

(b, b) Chambers containing gas to be measured 
(r,r) Balance resistances 

(h, h ) Variable resistances 

(gz) Galvanometer in bridge circuit 


converting it into CO, and passing the gas a second 
time through a CO, meter. Another form of CO 


recorder uses the electric current as a catalyzing - 


agent only, leaving the final determination to a measure- 
ment of the change in volume between the incoming and 
outgoing gases.2!!: 212 

The catalytic property of heated platinum in the 
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presence of certain combustible gases has found an 
important use in the fire-damp detector used in coal 
mines. The principle of the several forms is essentially 
that of a Wheatstone bridge containing in its circuit 
one or more arms of platinum wire. In an atmosphere 
containing fire-damp local combustion raises the tem- 
perature, and consequently the resistance of the 
platinum arms, and produces an unbalance which 
may be read quantitatively on a galvanometer, or 
may be made to operate a relay, giving an alarm of the 
presence of the combustible gas.7!% 2!4 215, 216, 217 

In the Dionic water tester of Messrs. Digby and 
Biggs, produced by Evershed, we have a very inter- 
esting application of the use of the electrical conductiv- 
ity of water as a basis in the determination of the per- 
centage of impurities. The instrument consists in a 
form of direct reading ohm-meter, similar to the well- 
known Megger, supplied with a specially designed water 
cell and graduated upon its scale in units of con- 
ductivity. By means of tables furnished by the makers 
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(a) Chamber containing inert gas 

(b) Chamber containing zas to be measured 
(r) Fixed resistance 

(h) Variable resistance and ignition 

(g) Galvanometer in bridge circuit 


of the instrument, it is possible to determine and meas- 
ure almost infinitesimal quantities of dissolved sub- 
stances. The principal uses of this instrument are 
found in the testing of water supplies for cities and for 
use in power plants, as well as in determination of leak- 
age in surface condensers. Similar applications have 
very recently been made of electrical conductivity 
measurement in the determination of the characteristics 
of organic solutions; and probably the most recent 
lies in the electrical measurement of the percentage of 
butter fat in ceream.2!3: 219, 220, 221, 222, 223, 224, 225 


VIII. NAVIGATIONAL MEASUREMENTS AND DETECTION 
OF HIDDEN CONDITIONS 


The earliest application of magnetic principles to 
physical measurement lies undoubtedly in the mariner’s 
compass. The fact that the earth is surrounded by a 
field, so that a magnetic needle takes up an approxi- 
mately north and south position seems to have been 
known to the Chinese at least a thousand years before 
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the beginning of the Christian era, and two thousand 
years before this property was known in Europe. 
Indeed as early as the third or fourth century ‘Chinese 
vessels navigated the Indian Ocean under the direction 
of floating magnetic needles pointing to the south.” 
(Humboldt.) For centuries the magnetic compass has 


changed but little in form; and until very late years | 


there was found no substitute for the simple structure 
of a small magnet carried on a frictionless bearing and 
kept in a reasonably level plane. The prime cause of 
recent improvements in the magnetic compass is the 
extremely disturbing condition to which aviation 
instruments are exposed. This has led to the utiliza- 
tion of the earth-inductor, in which a coil of wire is 
caused to rotate in the earth’s field, the magnitude of 
the voltage so generated being a function of the orienta- 
tion of the coil with respect to the earth. The earth 
inductor has been used thus, not only as a compass but 
as an inclinometer.?*® 227) 228 

Like many other branches of science, the use of elec- 
trical and magnetic aids to navigation received a power- 
ful stimulus in the great war, and for many months the 
rivalry, not only between contending forces but among 
friendly navies in their efforts to outstrip one another 
in the development of these methods of guiding them- 
selves through unchartered waters, knew a keeness which 
has never been equalled in times of peace. While 
many of the results of such work have been strangled 
with red tape, a goodly proportion actually found their 
way into actual use, and rendered great service; and some 
have survived to the extent of becoming standard prac- 
tise, not only in our navies but with the merchant 
marine of the present day. Leaving aside the gyro- 
scopic compass, a pre-war development employing 
electromagnetic principles in only an auxiliary sense, 
there may be mentioned under this head the leader 
gear, the several systems of radio direction-finding and 
beacons, as well as electrical applications in depth- 
sounding and the location of icebergs and other 
obstructions.2”° ; 

The leader-cable, now permanently installed in 
several important waterways, was originally developed 
by Drs. L. A. Herdt and R. B. Owens of McGill Uni- 
versity, and a trial installation successfully operated 
near Sorel, on the St. Lawrence River in 1903 and 1904. 
The cable is usually laid in the navigable channel; 
and the ships which make use of it are equipped with sensi- 
tive detecting apparatus whereby they may be kept in 
a position directly over the course of the cable. The 
particular use of the leader-gear lies in enabling ships to 
find and enter an estuary in foggy weather, and when 
usual aids to navigation, such as buoys, light-ships and 
landmarks, are obscured. The scheme embodies an 
inversion of some of the systems which have been used 
for locating faults in defective circuits, in that an alter- 
nating current carried in the cable induces effects in the 
detector circuit at the point of observation. A sig- 
naling key is inserted in the cable circuit at the trans- 
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mitting station; and this enables the current to be inter- 
rupted, so that messages.may be transmitted if desired. 
The distortion of magnetic field from the cable, due to 
the iron in the construction of the ship has a favorable 
effect, in that it greatly increases the closeness with 
which the ship may be kept over the line of the cable. 
With receiving coils mounted on the side of the ship, 
signals are good up to about 400 yards; and with an 
auxiliary system of towed electrodes, the cable may be 
detected at more than 1200 -yards.22*. 2%» #22 aes )ey 

Quite apart from its sphere of communication, the 
principle of the wireless telegraph has been employed 
in a number of systems of direction-finding by radio; 
and these are proving of inestimable value, particularly 
in the navigation of coastal waters. There are at 
present three principal methods by which radio is 
applied in direction-finding. The best-known of these, 
the Bellini-Tosi, system employs two land stations or 
“beacons,” sending more or less continuous signals of 
prearranged characteristics. The ship, equipped with 
a rotatable loop-antenna, is able to determine’ the 
directions from which the respective signals emanate, 
as well as the angle subtended by them. It is then 
possible, either by communication with these stations 
or by direct computation, to quickly and precisely 
determine the position and course of the vessel. Sev- 
eral modifications of the rotatable-loop receiving 
antenna are in use.226: 237, 238, 239, 240, 241 

In the short-wave Marconi system, transmission is 
made from a coil instead of from the usual aerial and 
the coil is maintained in rotation at a constant rate | 
about a vertical axis. A maximum amount of energy 
is radiated in the plane of the coil; and in a perfect 
system no signals can be obtained in a plane perpendicu- 
lar to this. The result is a rotating radio beacon. The 
ship picks up the signals on its ordinary aerial system; 
and as the transmitting coi! rotates, the intensity of the 
signal varies from a maximum to zero twice for each 
revolution. When the intensity is zero, the navigating 
officer knows that the plane of the coil is at right angles 
tohim. A system of distinguishing signals transmitted 
by the coil when it is due east and west, and when 
due north and south serves to establish a time upon 
which the officer may base his calculations and deter- 
mine the direction from the transmitting station. Two 
such beacons determine the position of the ship.2”° 

Another type of beacon carries two coil-aerials with 
their planes displaced through an angle of about 135 
degrees, a signal being sent alternately from one and the 
other coil. A ship located on the bisector of the angle 
between the coils will receive the two signals with 
equal intensity. Thus a definite course may be held 
simply by navigating so that the signal strength from 
the two coils remains balanced.” 243, 244 

During the war there were developed numerous 
electrical and magnetic methods of locating submarines 
and floating mines; and while, for some of these, most 
extravagant claims were made, and others, owing to 
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the sudden cessation of hostilities, proved abortive, 
there yet remain a number which rendered yeoman 
service under actual warfare conditions. Apparatus 
employing the piezo-electric effect of crystals was 
developed, depending for its operation upon the re- 
sponse of the crystals to vibrations set up by the propel- 
ler of the submarine; but the best known, and probably 
the most useful were those schemes using the alter- 
nating magnetic field, and operating on a principle 
basically that of the Hughes induction balance of 1879. 

As an outstanding example of this application, may 
be mentioned the work done by Messrs. J. B. White- 
head and L. O. Grondahl, first at Johns Hopkins Uni- 
versity and later, on vessels afloat, under the juris- 
diction of the U.S. Navy. The elementary construc- 
tion of the device used consists in a long alternating 
electromagnet, having within its field, but some dis- 
tance away, a detecting coil, so placed that normally no 
electromotive force is set up by the field of the magnet. 
If a considerable mass of magnetic material comes 
within the range of the magnet, the disturbance of the 
field is sufficient to upset the balance, causing in the 
detector circuit a voltage, which not only reveals the 
presence of the distrubing element, but may also give an 
indication of its direction.2* 

In measuring the depth of navigable water, as well as 
in detecting the presence of icebergs or other obstruc- 
tions, in foggy weather, advantage has been taken of 
the known speed of propagation of sound waves through 
the medium. A characteristic sound wave is produced, 
and the distance determined by the time elapsing until 
its echo is received. While this is not primarily an 
_ electrical method, the success which has attended its 
use has been due almost entirely to the use of electrical 
means both for the production of the sound and for the 
sensitive and accurate determination of the instant of 
its return. Employing the linear induction motor 
developed by Professor Fessenden for this purpose, it 


has been possible to establish communication between - 


moving ships by telegraph, and even for short distances 
by telephone.” 247, 248, 249 

Considerable work has been done in various quarters 
in the detection of invisible objects by heat radiation. 
In general, a sensitive thermo-electric cell is used in the 
focus of a parabolic reflector and the presence of any 
object of a temperature differing from that of the back- 
ground of the field of the reflector sets up electro- 
motive forces which are detected by a sensitive gal- 
vanometer in the circuit of the cell. During the war 
this device was made use of in such work as detecting 


the presence of reconnoitering and working parties in. 


“‘No-man’s land.”’ A similar development is that of 
A. Larigaldi of Paris for detecting icebergs at sea. In 
this he makes use of a tellurium cell, very sensitive to a 
band of heat waves in the infra-red, which have a pecu- 
liar property of traveling through fog with little loss of 
intensity. The cell is protected from air currents and 
stray radiation by being mounted in a small glass 
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housing fitted with a window of sylvinite, (a crystal 
transparent to this particular band of radiation), the 
whole being mounted at the focus of a searchlight mirror 
about three feet in diameter. The resistance of the 
tellurium element is balanced in the usual way; but an 
innovation is introduced in the use of currents of 
telephonic frequency, and the detection of a condition 
of unbalance by the use of thermionic amplifiers and a 
telephone. The mirror is mounted so as to sweep the 
horizon, and an adjustment is made for minimum dis- 
turbance in the telephone. If, for some reason, 
radiation from the horizon is interrupted by an iceberg 
(or other obstacle), a sound will be heard in the tele- 
phone every time the searchlight is turned toward that 
particular direction. By this means, large icebergs 
have been detected as far as six miles away.” 2! 

An interesting application of the electrical resistance 
thermometer to navigational purposes is found in a 
method of iceberg detection developed by L. V. King 
and H. T. Barnes of McGill University. A continuous 
record, to a very small part of a degree, being obtained 
of the temperature of the water through which the 
vessel is passing; the presence of an iceberg manifests 
itself by a lowering of this temperature due to the 
surface layer of recently melted water which has not 
yet mixed with that of the ocean. While in conditions 
of calm weather this method has much to recommend it, 
it has been found that disturbing conditions, such as 
introduced by ocean currents, are too great to make 
it infallible in its results. Experiments are still in 
progress in connection with the applications of this 
method of recording ocean temperatures to various 
practical applications, such as meterology.”®?: 7° 

Much valuable work was done during the great war 
in the practise of sound-ranging on land. In general 
there were placed at predetermined locations two or 
more sound detectors, circuits being carried from these 
to a central point, where records were made by an 
Einthoven string-galvanometer or an_ oscillograph. 
One form of detector was made up of a bolometer placed 
behind a very thin rubber diaphragm. A sound wave 
impinging upon this film caused a momentary condensa- 
tion and rarefaction of the air about the bolometer, 
with a consequent impulse in the electrical circuit. By 
scaling the spacing of the several impulses as recorded 
by the galvanometer, it was possible to triangulate for 
the location of the origin of the actuating sound. In 
this way enemy guns were located with a high degree of 
accuracy. 

The principle of the hot-wire anemometer has been 
applied in a form of inclinometer for use in aviation. 
The heated conductor is enclosed within a tight tube, 
and its cooling depends upon the convection currents in 
the enclosed air, which currents are much modified by 
the position of the tube with respect to the horizontal. 
It is thus possible to obtain from the instruments in the 
bridge circuit of the anemometer a direct indication of 
the inclination of the machine. The earth-inductor, 
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referred to in an earlier paragraph, has also been used 
as an inclinometer.?°4: 755: 256 

A very sensitive device for the detection of water 
vapour in closed pipes has been developed by Messrs. 
Weaver and Ledig of the Bureau of Standards. A small 
glass cell is coated on the outside with a platinized 
surface having its electrical conductivity broken by an 
etched line. The two areas of metal are connected to 
separate leads sealed into the glass. The line of 
separation is painted over with some hygroscopic 
electrolyte, and the outside of the cell is exposed to the 
gas whose purity it is desired to observe. The leads 
are connected into the circuit of an alternating-current 
bridge; and measurements of the resistance of the cell 
furnish a very precise indication of the quantity of 
water vapour which may be present in the gas.” 

A method originally developed in the Bureau of 
Standards for the determination of the uniformity of 
specimens for magnetic tests was turned to a very 
practical application during the war, in the location of 
flaws in steel for rifle barrels. In this apparatus the 
iron under investigation forms a part of the magnetic 
circuit of a form of continuously operating permeameter; 
and as the specimen passes slowly through the instru- 
ment, irregularities in its structure make their presence 
very evident by marked changes in the reluctance of 
the material. It is possible that this method may find 
application in the testing of such materials as steel 
rails and cables.2=-°-*: 278 incl. 

Many ways have been proposed for the location of 
ore bodies beneath the surface of the ground, of water 
pockets, and of buried treasures in general; and these, 
like methods of producing rain, may be classed as either 
religious, magical or scientific; and, as in rainmaking, 
while a study of the first two does not come within the 
sphere of this paper, an analysis of the so-called scientific 
methods is generally productive of the most disappoint- 
ing results. Most of the electrical methods which have 
been suggested embody either an application of the 
Hughes induction balance or some most delicate system 
of electrostatic measurements; and it is very difficult to 
establish authentic records of metal-bearing ores or 
other valuable material having been definitely located 
by such means.?”? 

One scheme which has received some note in the 
technical press is that of H. Lewis, which embodies an 
application of Kirchoff’s laws of potential distribution. 
An electric field is generated in the area to be investi- 
gated; and, with a telephone, a series of level lines is 
determined on the surface. By observing the dis- 
turbances in these lines, it is claimed that the presence 
and location of deep-lying ores of conducting material 
or of water may be determined.”5”: 75! 

Devices purporting to make use of magnetic disturb- 
ances due to earth currents in the vicinity of deposits 
of ore, oil or water have from time to time made their 
appearance; and some of them show-great ingenuity 
in their design and construction. Probably the best 
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known of these are the instruments of Schmidt, and of 
Mansfield, which are essentially similar in their arrange- 
ment. The general construction, as described in one of 
the patents, is as follows: 

A horizontal holluw glass eylinder is surrounded by a layer of 
paper impregnated with paraffin. Around this layer of paper a 
well annealed iron wire is spirally wound, the successive windings 
of the same spiral line not being in contact, and the successive 
layers of wire being separated from one another by a layer of 
paper impregnated with paraffin. Here and there a layer of 
paper treated with paraffin is covered with tin-foil over which the 
wire is wound. The outside layer of wire of the coil thus formed 
is covered with paper. The coilis open and completely insulated, 
that is to say, not connected with any source of current. Above 
this coil a glass plate is placed, in the middle of which is a fine 
point which supports a needle. The needle is feebly magnetized 
and turns easily on the point. 

It is stated that the instrument will 


Indicate certain atmospheric changes, the nature and cause 
of which are not yet understood but which manifest themselves 
in a peculiar way in the neighborhood of the source and course 
of subterranean waters by rapid oscillations of the pointer of the 
device. 

It is claimed that when the instrument is in the 
vicinity of a source or a stream of subterranean water 
the needle will after a time oscillate rapidly. Whether 
designed for ores, water or oil, there is little structural 
difference in the instruments.?*: 78 

It was the writer’s privilege to take an examination 
of one of these devices, known as a “water finder,’ and 
to study in detail the functioning of the various parts. 
Structurally the instrument agreed closely with the 
description given above, and the workmanship was of 
the highest order. The suspension of the needle was so ~ 
delicate that slightly magnetized tools some distance 
away would produce a noticeable disturbance. As no 
known laws of electricity or magnetism are applicable 
to the coil beneath, it would appear that any movement 
of the needle which may take place must be due to 
changes in the external magnetic field, modified per- 
haps by the presence of the iron coil, which would 
represent a magnetic cylinder of comparatively low 
permeability. 

While the instructions accompanying the device 
very particularly state that it should be protected from 
the direct rays of sunlight and that it is not effective in 
locating streams that have “‘sprung up to daylight,” 
no mention is made of the necessity of shielding the 
delicately poised needle from nearby magnetic bodies, 
such as tools, other electrical instruments, or telephone 
receivers, or from electric currents due either to neigh- 
boring conductors or to ground returns. In view of 
the numerous vitiating influences admitted by the 
makers of the instrument and of the fact that systematic 
magnetic surveys of the earth have not shown any local 
earth or air currents upon which its operation could be 
based, it can only be concluded that the invention is 
unsound in principle, and to be classified along with © 
magnetic egg testers, sex detectors, and other devices 
calculated to prey upon the credulity of those who are 
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susceptible to impression by high-sounding terms.2%4 255: 
286, 287 

Cases are on record where principles of electrical 
measurement have been made use of in the detection of 
theft or the presence of unauthorized persons in certain 
places. In one instance, an electrical manufacturer 
had noted the disappearance of coils of magnet wire 
from his stock, and undertook to detect the thief 
by establishment of a circuit similar to that of the 
induction balance about a passageway through which 
all employees were required to pass on leaving the 
premises. The spools of wire in the stock shelves 
having been carefully short-circuited, it became an 
easy matter to detect the presence of the guilty person 
by observing the unbalance set up by eddy currents in 
the short-circuited coils concealed beneath his clothing 
as he left for home in the evening. According to a 
recently published article it has been proposed to make 
an electrical investigation of the continuity of the iron 
chain which lies embedded in the massonry around 
the base of the dome of St. Paul’s Cathedral, 
London.?8s 


IX. PHYSIOLOGICAL AND ALLIED MEASUREMENTS 


While the attitude of the medical profession toward 
exact quantitative methods of measurement in diagnosis 
would to the layman appear characterized by the ut- 
most conservatism, it may, without question, be said 
that there is at present no field of scientific work wherein 
there are being made more rapid expansions of the use 
of electrical measurement than in that of the investi- 
gation of physiological and psychological phenomena. 
In studying the functions of living matter it has been 
difficult to identify processes which would lend them- 
selves to quantitative expression; and, had it not been, 
for the startling advances but lately made in applying 
electrical measurements to the diagnosis of disease, the 
expression ‘“‘When doctors disagree’ might yet have 
been due for a long lease of life. Recently, however, 
electrical methods of measurement have made an 
intrusion into the work of the medical profession which 
bids fair to place the findings and decisions of this 
group of technicians upon a basis of precision com- 
parable with that long enjoyed by the devotees of the 
more exact sciences.?8: 78° : 

The popular press has of late contained considerable 
reference to a method of diagnosis wherein it is claimed 
that perfectly definite results may be obtained upon the 
basis of measurements of an electrical nature performed 
upon electronic emissions of the patient under investi- 
gation, and that a complete diagnosis of his affliction 
may be made in absentia by the electronic reactions of a 
drop of blood. If there be any merit to this system it 
is one which should most intimately concern the 
electrical engineer; but until the proponents of the 
method are in a position to expound their procedure 
openly, and in terms intelligible to electrical men, it 
can hardly be said that it need be recognized as an added 
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application of electrical methods of measurement.”*!: 2%: 
293, 294 

Electrical determination of the concentration of the 
hydrogen ion has found a wide use in the study of 
biology, but since this has already been referred to in an 
earlier part of this paper its repetition here will not be 
necessary. The conveniénce and precision with which 
temperature may electrically be determined has proved 
a great boon in the accurate measurement of body 
temperatures in pathological work. Both the thermo- 
couple and the resistance coil have been employed in 
these measurements, the former where extreme pre- 
cision or observation of rapidly varying values is re- 
quired, and the latter for ordinary clinical work. The 
thermocouple can be made to give an accuracy of 
0.02 deg. cent. while the resistance thermometer can be 
relied upon to 0.1 deg. cent. The detector is made in 
several forms, suited either for contact with the skin 
or for insertion into the natural cavities of the body. 
it is usually employed with some form of automatic 
recorder, so that continuous charts may be obtained. 
While these temperature measurements find their 
basic application in the observance of pathological 
conditions, researches are now under way with a view 
to correlating the patient’s emotional condition with 
rapid changes of skin temperature, and the results as 
far as these tests have been carried, go to show that 
there may be thus obtained much valuable material in 
psychological investigations.2% 296, 297, 298 

The outstanding example of electrical measurement 
of physiological conditions lies in the electrocardiograph, 
an instrument applying the Einthoven string galva- 
nometer to the direct measurement of electromotive forces 
set up in the human body, particularly by the function- 
ing of the heart. It is well known that all muscle 
movements are accompanied by changes in electric 
potential of the active part, relative to the passive part, 
the former becoming negative. If, then, a record of the 
electrical phenomena attending the action of the heart 
can be obtained, it follows that this must give reliable 
information regarding the various phases in the per- 
formance of this organ. While the theoretical possibil- 
ity of this had long been appreciated, it was not until 
Einthoven in 1903 developed the string galvanometer, 
that it became an accomplished fact. In practise it is 
customary to make the electrical connections to the 
patient through non-polarizing electrodes attached to 
his limbs; and it has been found that: the most complete ~ 
information is obtained from three electrocardiograms 
taken with the following circuits: 

I. Right arm and left arm: 
II. Right arm and left leg: 

III. Left arm and left leg. (Fig. 19.) 
In the use of this device it is necessary not only to 
guard against polarization at the electrodes but to 
balance out the potential difference caused by glandular 
activities of the skin, and usually known as “skin 
current.” An interesting and important feature of the 
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electrocardiograph as applied to diagnosis lies in the 
fact that the patient need not be brought into the 
presence of the instrument, but may have records taken 
at a remote point, perhaps several miles away, and, 
in fact, need not know that a study is being made of the 
performance of his heart.299: 300- 301. 302, 303, 304, 305, 306, 307 

Studies of heart action are greatly facilitated by the 
use of the “Stethophone,’’ lately developed by the 
Western Electric Laboratories, not only replacing the 
long-familiar stethoscope, but far surpassing it in the 
volume of information obtained. By the combination 
of an electromagnetic transmitter with a selected group 
of filter circuits it is possible not only to faithfully 
reproduce heart and other body sounds, but to mask 
out those to which it is not necessary to listen. The 
sound upon which it is desired to concentrate may then 
be heard in one telephone or in several hundred. An 
interesting feature of the device, in connection with its 
application to lecture room work les in the fact that 
where the lecturer wishes to communicate with his 
audience he need only direct his remarks toward the 
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body of the patient, when the sound vibrations will be 
picked up and carried to the listeners. Like the 
cardiograph, the stethophone may be used at a point 
remote from the patient; and the electrical circuit may, 
as in that instrument, be associated with the recording 
features of the string galvanometer.5®: #09. 31° 

Another Western Electric development is found in 
the “Audiometer” a precision instrument capable of 
measuring the acuity and quality of hearing. While 
the original purpose of this device was investigation 
connected with telephone work, it has been adapted 
to the medical field, and should without question prove 
a most valuable addition to the equipment of that 
profession. By means of a special vaccum tube there 
are produced continuously pure tones, which may be 
controlled and measured, both as to pitch and intensity; 
and these are delivered through a telephone receiver 
directly to the ear. By applying in a standard diagram 


the values representing the limits for a particular. 


patient, there is obtained an exact index of the condition 
of his hearing; and this, in the hands of a specialist, 
furnishes material upon which a very complete diagnosis 
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may be based. This instrument should prove of great 
usefulness, not only in the study of defective ears, but 
in all cases where complete physical examinations 
are required.5!!- sss + + +328 incl. 

Amazing results have been obtained in the association 
of measurable electrical phenomena with the emotional 
condition of the human subject. While the “psycho- 
galvanic” action has been known, though rather im- 
perfectly, for a number of years, it is only lately that 
there has been made any systematized and definite 
collection of measurements of the electrical effects 
which appear in conjunction with emotional conditions. 
For some time there has been in use an instrument 
known as the ‘“emotometer,” (Gambrell, London), 
which is a Wheatstone bridge, in whose circuit a 
portion of the patient’s anatomy,—the hand, for 
instance,—is included. It is found that sudden changes 
of emotion, resultant upon predetermined stimuli, 
such as a sensation of falling, produce marked disturb- 
ances in the electrical balance of the circuit; and in- 
vestigations have been carried out with a view to 
establishing a series of “‘standard emotions.” While 
the possibilities of the device in its simple form have in 
no way been exhausted, its field has been immensely 
widened by the association of the string galvanometer, 
either as a detector in the bridge circuit, or independ- 
ently, as in the cardiograph. This development is too 
recent to have made available any conclusive data; 
but such records as have been obtained from experi- 
mental work at present in progress go to show that, 
awaiting only the skill of the interpreter, there is at 


hand a mass of information on the functions of the - 


human mind which will go far toward standardizing 
the study of psychologic processes, and the host of 
dependent manifestations of mental activity. #2: 32> 326 


327, 328, 329. 330 


CONCLUSION 


Little that bespeaks finality can be found in the 
application of electrical principles to the innumerable 
measurements confronting engineers, scientists, naviga- 
tors or medical men. In some branches of activity 
there have been adopted fairly well standardized sys- 
tems for the performance of measurement by electrical 
means; but in general it may be said that there is 
apparent a state of development so rapid that in the 
few weeks which must necessarily elapse between the 
preparation and the presentation of this material, 
methods which have been described as modern will 
have been rendered obsolete and superseded by still 
more efficient electrical devices for making the required 
measurements. The phenomenal expansion of elec- 
trical practise to include, or to bear most closely upon 
almost every other field of human endeavor,—the 
continual breaking down of the barriers between elec- 
trical manifestations and the supposedly remote pro- 
cesses of other sciences, is having the effect of narrow- 
ing the meaning of the term “non-electrical quantities” 
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to the extent that the problem of their measurement, 
while today of interest to the electrical engineer as an 
appreciation of his working tools by other craftsmen, 
will very shortly be his problem by right of inheritance. 


In collecting material used in this work it has been the 
privilege of the writer to come into contact with many 
specialists in fields where the electrical engineer seldom 
dares to tread. The cheerful cooperation shown, 
whether by the chemist, the physicist, the physiologist, 
the psychologist or the brother engineer, has been most 
encouraging; and the general spirit has been one of 
realization of the mutual benefit which must result 
when the engineer compares notes with his fellows in 
other spheres of technical activity. Space limitations 
preclude individual acknowledgement to the many who 
have assisted in the rounding out of the work; and the 
only tribute here practicable is seen in the liberal use of 
the results of their studies, as described in the text, and 
as referred to in the bibliography, which, may perhaps, 
like imitation, be looked upon as the sincerest form of 
flattery. 
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I. INTRODUCTION 


HE oscillograph is an instrument which has been 

extensively employed by electrical engineers in 

electrical measurements. It has been used not 
only in connection with electrical oscillations, such as 
alternating electromotive forces and alternating cur- 
rents, but also in connection with acyclic electrical 
phenomena, such as the current required to blow a fuse, 
or the discharge current of a condenser. This paper 
describes methods by which the oscillograph may be 
used in mechanical measurements. This requires that 
the mechanical phenomena must affect an electric 
current which is being continuously recorded on the 
oscillograph. 


II. THE OSCILLOGRAPH 

The oscillograph can be briefly described as a gal- 
vanometer having a short period and critical damping, 
which is so arranged that its deflections can be recorded 
on a moving photographic film. Several models 
have been brought out by different manufacturers. 
For the work described in this paper a General Electric 
oscillograph has been modified to meet the require- 
ments of the special investigations. The most. im- 
portant of these modifications are: (1) A special arc 
lamp; (2) a large drum which will take a five-foot film; 
(8) a special table on which is mounted a switchboard 
and suitable control instruments; (4) a new shutter 
and shutter control mechanism; (5) a rotating mirror; 
(6) a tuning fork for measuring the speed of the film. 

1. Special Arc Lamp. Experiments have been 
made with several different sources of light, but for 
the highest film speeds it is necessary to use an are lamp. 
For this purpose it is essential that the end of the posi- 
tive carbon shall lie in the axis of the lens which is 
used to direct the light beam onto the oscillograph mir- 
rors and very near to the focal point of the lens. It 
must be possible to advance this carbon without dis- 
turbing its adjustment. To accomplish this a special 
are lamp was constructed in which the carbon holders 
slide on metallic ways.- The carbons are held in V- 
shaped grooves which are parallel to the direction of 
the ways. The carbon holders are advanced by means 
of racks and pinions. The carbons can be maintained 
in a desired position by keeping their images, formed 
by a pinhole camera, at definite points on a screen which 
is provided for this .purpose. 
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2. Large Drum which Will Take a Five-Foot Film. 
It is often desirable to use films of considerable length 
and whose motion is uniform during the time that the 
record is being made. For this purpose drums have 
been constructed which will take a five-foot film. 
This length was selected as it corresponds with stand- 
ard films which can be universally purchased. The 
rotating portion has a large moment of inertia which 
insures that the speed will not change rapidly. The 
opening of the shutter does not appreciably change the 
speed of the drum. 

3. Special Table on Which is Mounted a Switchboard 
and Suitable Control Instruments. Another useful 
modification was the design of a special table on which 
there is mounted not only the oscillograph itself but 
also a switchboard and suitable measuring instruments. 
This table was especially constructed for field use. 
The legs are made of two-inch pipe which screw into 
floor flanges that are mounted on the underside of the 
table top. The switchboard is hinged to the table 
apron in such a way that when the legs are removed it 
will swing into the bottom of the table, where it can be 
fastened for shipment. 'The.instruments are mounted 
at a convenient point at the back of the table. These 
instruments consist of a 25-ampere ammeter for reading 
the current through the are, a one-ampere ammeter - 
for reading the current in the field magnet, and three 
milliammeters, range 150-0-150, which are connected 
in series with the oscillograph elements. These latter 
instruments have proven to be especially useful, since 
most of the difficulties in oscillograph operation occur 
in the element circuits. These difficulties can readily 
be traced by means of these milliammeters. In addi- 
tion, there is a small resistance box in each element 
circuit, variable from 1 to 1000 ohms in steps of one 
ohm. 

In Fig. 1 is shown an illustration of a complete 
oscillograph with are lamp, large drum, instruments, 
and switchboard. At the right in this picture is 
the table with switchboard as prepared for shown 
shipment. 

4, New Shutter and Shutter Control Mechanism. 
There are many advantages to be gained by placing the 
shutter mechanism as near the film as possible. By 
doing this all of the optical parts can be continuously 
illuminated so that one can readily see whether they 
are in proper adjustment. Moreover, by placing the 
shutter at this position, the time required to open it 
is reduced to a minimum. Another advantage of 
placing the shutter in this position will be discussed in 
connection with the rotating mirror which will be 
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described in the next section. A diagram showing the 
location of the shutter and its method of operation is 
shown in Fig. 2. ; 

It is important to have a mechanism which will 
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The oscillograph with large drum, arc lamp, ammeters, resistances, and 
switchboard mounted on a special table. To prepare the table for ship- 
ment, the legs are removed and the switchboard, which is hinged to the 
apron of the table, is folded against the bottom of the table top without 
disturbing the wiring. 


close the shutter when the film drum has made a com- 
plete revolution, and it is desirable that it shall do 
this regardless of the speed of the drum. It should 
also be as nearly automatic as possible so that it will 


VIEWING SCREEN 


MOVING 
FILM 


ROTATING MIRROR 


, Fic. 2 
Diagram to show the optical system when the shutter is placed near the 


film. A mirror is mounted on the shutter so that the light from an element 
can be seen on the ‘viewing screen whenever the shutter is closed. 


require little or no attention from the operator. This 
has been accomplished by the mechanism shown in 
Fig. 3. A brass gear is mounted either directly on the 
shaft of the drum or connected therewith through a 
train of gears so that no slipping can occur. A fiber 
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gear is mounted on an arm in such a way that it is 
normally held out of mesh from this brass gear by 
means of a spring, but can be pulled into mesh by means 
of anelectromagnet. This fiber gear has a small portion 
cut away. When it is rotated to the point where this 
portion is cut away, it presses against the brass gear 
and stops rotating, remaining in this position until 
the operator releases the key. Then as the fiber gear 
is drawn back by the spring to its normal position, a 
ratchet attached thereto (not shown in the drawing) 
turns it through a small angle so that no attention is 
required to make it ready for the next operation. 
Attached to the fiber gear there is an adjustable cam 


GENERATOR 


CONTROL KEY 


Fig. 3 


The shutter-control mechanism for closing the shutter when the drum 


lias made a complete revolution, The figure shows the gears held in mesh 
by the electromagnet A. The fiber gear (upper in the figure) has made 
about three-quarters of a reyolution. The contact B is open, having been 
closed during the first part of the revolution. 


which opens a contact in the circuit of the shutter 
magnet. This contact is closed when the fiber gear 
is in its normal position, but is opened after the gear 
has rotated a definite amount. By proper adjustment . 
of the cam, the shutter can, for any given speed of the 
drum, be made to close when the drum has made one 
revolution. 

The adjustment of the shutter mechanism will, in 
general, depend on the speed of the drum, and is more 
difficult for high speeds than low speeds. When the 
drum is rotating rapidly, the time required for the 
shutter to open, the time required for it to close, and 
the time required for the fiber gear to be drawn into 
mesh, are each a large fraction of the time of a revo- 
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lution of the drum. That the adjustment of the shutter 
mechanism will depend on each of these can be seen 
by considering a simple case. Suppose that the gear is 
drawn into mesh at the same instant that the shutter 
is opened. Then the shutter circuit will be broken 
when the drum has made a definite part of a revolution, 
at which time the shutter starts to close. In the time 
required for the shutter to close, the drum will rotate 
through an angle which depends upon its speed of 
rotation. Hence with this arrangement, if the shutter 
mechanism was adjusted to work correctly at low 
speeds, there would be overlapping at high speeds. 

The adjustment of the shutter mechanism will be 
independent of the speed of the drum if the time of 
closing the shutter is shorter than the time of opening 
the shutter by the time required for the shutter-closing 
mechanism to operate. Another way of stating this is 
that the shutter must open so slowly that it will be 
closed for a time after the fiber gear comes into mesh, 
and this time must equal the time required to close 
the shutter. Up to the present time, it has been 
found necessary, in order to accomplish the above 
results, to make the time of opening the shutter about 
five-hundredths of a second. As this is not satisfac- 
tory for some kinds of work, it is frequently more de- 
_ Sirable to adjust the shutter to open as rapidly as 
possible, and then adjust the shutter closing time for a 
definite speed of the drum. When the speed of the 
drum is materially changed, it is then necessary to 
readjust the time of closing the shutter. 

5. Rotating Mirror. As indicated in Fig. 2, a 
mirror set at an angle is mounted directly on the shutter 
so that whenever the shutter is closed the light is 
reflected through a slit and a second cylindrical lens 
onto one of the faces of a hexagonal rotating mirror. 
This mirror reflects the light onto a translucent viewing 
screen. When used with acyclic phenomena, this 
hexagonal mirror is not rotated but can be turned to 
bring the spots of light at a convenient place on the 
viewing screen. Its principal value is that it enables 
the operator to see that the spots of light reflected from 
the element mirrors aré in adjustment and are suffi- 
ciently brilliant. With cyclic phenomena the rotating 
mirror can be driven by any variable speed motor, 
the speed being adjusted so that suitable waves appear 
on the viewing screen. It should be observed that 
these waves are slightly distorted and that they do not 
have quite the same amplitude as the waves which will 
be photographed on the moving film. In any case, 
the spots of light which are about to be photographed 
can be observed up to the instant that the shutter is 
opened, and they come into view again as soon as the 
shutter is closed. 

6. Tuning Fork for Measuring the Speed of the Film. 
In many experiments it is important to measure the 
speed of the film with greater accuracy than can be 
done by the use of a 60-cycle wave. This has been 
accomplished by means of a tuning fork which is 
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installed in the oscillograph. The principle involved 
in the use of the tuning fork is shown in Fig.4. On each 
prong of the tuning fork there is mounted a vane, these 
vanes being of such length that they overlap when the 
tuning fork is at rest. Slits are then cut through these 
vanes so that, when the tuning fork is at rest, the slits 
in the two vanes coincide. When the tuning fork 


Fia. 4 
Diagram showing optical system by which a tuning fork can produce 
timing lines on a moving film. 


vibrates, the slits coincide at the center of the swing, 
giving momentarily the effect of a single slit. When 
this slit is brilliantly illuminated, its image, formed by 
a suitable optical system, can be photographed on a 
moving film. This gives lines on the film,? the distance 


SIDE VIEW. 


Fia. 5 


Diagram showing method of installing a tuning fork in an oscillograph. 
By means of the tuning fork, the velocity of the oscillograph film can be 
accurately determined. 


between them being the distance that the film travels 
in the time of a half vibration of the fork. A suitable 
size for the slits is 0.003 in. width and 0.2 in. length. 
For rapidly moving films a 500-cycle fork giving lines 
one one-thousandth of a second apart has been found 


2. A more complete description of this method of timing a 
moving photograph film is given in Scientific Paper 470 of the 
Bureau of Standards by H. L. Curtis and R. C. Duncan, en-— 
titled “‘A Method for the Accurate Measurement of Short-Time 
Intervals.” 


Feb. 1925 


satisfactory. For slower film speeds a 50-cycle fork 
giving lines one one-hundredth of a second apart has 
been useful. A diagram showing the optical system 
used is given in Fig. 5. Examples of timing lines 
will be found in Fig. 8. 


III. MEASUREMENT OF SHORT TIME INTERVALS 


When it is desired to study the time of occurrence of a 
number of events, where order of occurrence is known, it 
is generally possible to arrange electrical circuits in such 
a way as to record all of these events with one oscillo- 
graph element. An example of this is the recording 
of the events which take place in a gun at the time it is 
fired. The electric circuits by which it is possible to 
record six different events with a single element are 
shown in Fig. 6. 

As shown in this figure, two batteries, one of 6 and one 
of 12 volts, are connected in opposition so that a con- 
tinuous current is sent through the resistance, R, and 
the oscillograph element, #. The series of events is 
started by the closing of the firing key, S. This ener- 


Fie. 6 


Diagram showing the electrical connections for recording the important 
' events in the firing of a gun. By circuits not shown, the oscillograph shut- 
ter is opened a few hundredths of a second before the firing circuit is closed 
at S. A description of the sequence of events after the closing of the firing 
key, and of the consequent variations in current through the element E 
of the oscillograph, is given in the text. 


gizes the firing circuit, sending an alternating current 
through a fine wire inside of the primer. 
fuses, thus opening the firing circuit. By means of a 
small current transformer, 7, called the primer trans- 
former, an alternating current is superposed on the 
direct current which is already flowing through the 
oscillograph element. The amount of the alternating 
current which flows through the oscillograph element is 
is regulated by a resistance, 7 , in parallel with the 
secondary of the transformer. This resistance also 
serves as a non-inductive path when other current 
changes are produced in the circuit. By means of this 
alternating current the time of the closing of the firing 
circuit and the time at which it opens are recorded on 
the oscillograph film. Soon after the explosive in 
the primer is ignited, enough pressure is generated inside 
‘the primer to cause it to explode, sending a flame into 
the powder chamber, and at the same time causing a 
sudden kick of the firing pin. As this firing pin reacts 
suddenly, it opens the contacts on the explosion indica- 
tor, C, causing the current through the primary of the 
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explosion indicator transformer, 7';, to become zero. 
This produces in the secondary circuit of 7’; a momen- 
tary current which is registered on the oscillograph film, 
thus giving the time at which the explosion occurred. 
When the gun starts to recoil, it opens the start-of- 
recoil contacts, K, thus breaking the continuous current 
which up to this time has been flowing through the 
oscillograph element. When the projectile reaches 
the muzzle, it makes contact with the ogive finger, F’, 
causing a relatively large current to flow through the 
oscillograph element. This ogive finger is swept away 


—— 


Lyection of rotating band. 
Lyechor7 or n02. se i 


Hart of recor). 


BGS 7, 
Diagram showing type of record given by the circuits of Fig. 6. 


when the circuit has been closed for only a few ten- 
thousandths of a second, thus again opening the circuit. 
This same process is repeated when the rotating band 
makes contact on the rotating band finger, F’. 

As these events must occur in a definite order, there 
is no possibility of one record interfering with any other. 
Moreover, since all the deflections are of a different 
type, if one apparatus should fail to record, no uncer- 
tainty is introduced regarding the other events. The 
only exception is in the case of the ogive finger and 
rotating band finger, whose records are practically 


Fie. 8 


Four portions of a record taken during the firing of a gun, with the cir- 


cuits arranged asin Fig. 6. In the first portion is shown the alternating- 
current wave: in the second portion, the current change caused by the 
explosion indicator; in the third portion, the displacement of the record 
caused by the breaking of the start-of-recoil contacts: in the fourth portion, 
the current changes caused by the grounding of the ogive and rotating 
band fingers. ‘The distance between timing lines corresponds to one one- 
thousandth of a second. 


identical. As pointed out later, this is necessary for 
other reasons. It would be very simple to introduce 
some resistance in one of the circuits so that they could 
be distinguished. 

The record obtained by such an arrangement is so 
long that it is not feasible to reproduce it. However, 
the kind of record which this apparatus gives is shown in 
Fig. 7. Portions of an actual record are shown in 
Fig. 8. These portions were selected to show the deflec- 
tions at the times of the different events. In this 
record the events are shown as recorded by the element 
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whose trace appears at the top of the figure. The 
other two elements were used for other purposes. 
The timing lines are one one-thousandth of a second 
apart. 

When it is desired to obtain the time of occurrence of 
several events, the order of the occurrence of which 
cannot be predetermined, it is sometimes feasible to 
arrange a series of circuits like that described above, 
so that each event gives a distinctive record on the 
film. Then the order of occurrence and time of 
occurrence can be determined from a single record. 
However, there is always the possibility of two events 
occurring approximately simultaneously so that the 
time at which these events occur cannot be accurately 
determined. When it is important to avoid such a 
possibility of confusion, it is necessary to record each 
one of the events on a separate element. If it is 
necessary to use more than one oscillograph, then some 
common event must be recorded on all films, so that 
the time of each event can be determined. 

It is sometimes possible, when it is reasonably sure 
that the events will not all occur simultaneously, to so 
arrange the electric circuits that at least two independ- 
ent values of the time interval can be obtained on two 
different elements, and yet have only a very slight 
probability that any event will fail to be recorded. 
As an example, suppose that it is desired to determine 
with accuracy the time between the contact on the 
ogive finger and that on the rotating band finger in 
each of three guns which are fired simultaneously. As 
explained later, this time difference can be used to get 
the velocity of the projectile. But since the experi- 
mental errors are relatively large, it is important to 
get as many independent determinations as possible. 
By using three elements for three guns and connecting 
them so that the records from gun No. 1 are recorded 
by both elements 1 and 2, from gun No. 2 are recorded 
by elements 2 and 3, and gun No. 8 by elements 3 and 
1, we are able to obtain two values for the velocity of 
each projectile, and there can be no uncertainty re- 
garding the value for each gun. Should the times at 
which two projectiles reach the muzzles differ by less 
than one one-thousandth of a second, then the record 
of one element would be of no value, but the records of 
the other two would be sufficient to give one value for 
two guns and two values for one gun. Should all three 
guns react simultaneously, then the records would be 
valueless, but the probability of such a contingency 
is very remote. 


IV. MEASUREMENT OF VELOCITY - 


If at definite points in its path a moving object 
changes the electric current in a circuit, then by record- 
ing the changes in current on an oscillograph film 
whose speed is known, it is possible to determine the 
velocity of the moving object. Since the oscillograph 
can measure short time intervals, this method has 
been used chiefly in measurements on objects moving 
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at very high velocities. Perhaps the highest velocities 
with which engineers at present have to deal are those 
of projectiles fired from modern guns. Their velocity 
is of the order of 3000 ft. per second or 3 ft. in one one- 
thousandth of a second. With an oscillograph film 
running at 50 ft. per second, the film moves approxi- 
mately one-half inch in one one-thousandth of a 
second. With a suitable record, this distance can be 
measured by means of a comparator with an accuracy 
of one-fifth of one per cent. However, to obtain this 
accuracy in the time measurement it is necessary to 
record both events on one element and to arrange the 
circuits for recording the two events so that the elec- 
trical constants are practically identical in the two cases. 

The necessity for using a single element arises from 
two causes; first, the spots from two elements cannot 
be adjusted so that they lie exactly on a line parallel 
to the axis of the drum, and second, the rotational 
constants of the two elements cannot be made identical. 
Neither of these causes will introduce errors of more 
than one or two hundred-thousandths of a second, but 
in the short interval under consideration, this might 
produce an error of one or two per cent in the final 
result. 

The necessity for the identity of the electrical 
constants of the circuits for recording the two events 
arises from the necessity of a time correlation of the 
element deflection with the change of current in the 
circuit. When the projectile closes an electric circuit, 
the current starts at zero and rises to its maximum by 
means of an exponential curve, the shape of which 


depends on the resistance and inductance of the circuit — 


as well as on the applied electromotive force. The 
element deflects slowly at first, but with a rapidly 
increasing velocity, partly because the current is 
increasing and partly because of its own inertia. Hence 
it is difficult to determine on the film the exact time 
that a deflection starts. The time difference between 
two events can, however, be determined with accuracy 
by taking as the time of the first event the time that 
the element has deflected one centimeter, say, and an 
equal deflection for the time of the second event. 
However, this will accurately determine the time 
interval only when the electric circuits for the two 
events have the same constants, and when the rotational 
constants of the two recording elements are the same. 
This last is completely met by recording both events 
on one element. The desirability of measuring from a 
deflected position is apparent from the center trace of 
Fig. 8, but it is not to be expected that this will be so 
apparent in a reproduction as in the original film. 

The measurement of the distance between contacts 
generally introduces a greater error in the velocity when 
measured by an oscillograph than does the measure- 
ment of time. Two methods of obtaining a measurable 
distance have been used. In the first, each contact 
consists of two insulated metal plates or screens, 


so that the projectiles short-circuits them. It is 
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desirable to put a quick acting fuse in the circuits with 
the first contact so that if a short circuit persists the 
fuse will melt and the element will have returned to its 
zero ‘position before the second contact is closed. In 
the practical application of this method, it is not 
generally feasible to measure the distance between the 
contacts with an accuracy as great as one-tenth per 
cent. As they are generally thirty or more feet apart, 
so that the time interval is of the order of a hundredth of 
a second, little difficulty is experienced in measuring 
the time to a greater accuracy than is possible in 
measuring the distance. 

In the second method, two contacts are mounted in 
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Diagram to illustrate the step-by-step method. 


the same plane to make contact at definite points on 
the projectile. This is illustrated in Fig. 6 where the 
ogive finger and rotating band finger are in the same 
plane, the one making contact on the ogive of the 
projectile and the other on the rotating band. This 
method, which is applicable only to projectiles of large 
size, requires that the distance on the projectile shall 
be measured before the projectile is loaded and that 
the path of the projectile shall be known so that the 
- contacts will be made at the measured positions. This 
last difficulty may introduce errors as great as one per 
cent. Hence this method should be used only when 
no other method is available. 


V. MEASUREMENT OF DISPLACEMENT BY THE 
STEP-BY-STEP METHOD 


It is sometimes desirable to determine the time- 
displacement curve of a moving body. ‘This is readily 
accomplished by means of the oscillograph by so 
arranging an electric circuit that the current is changed 
as the body passes certain definite points. This step- 
by-step method is shown diagrammatically in Fig. 9, 
which shows the principles involved ina displaceometer. 
This instrument is designed to obtain time-displacement 
curves of the motion of a body in one direction. The 
series of contacts is mounted on a fixed support while 
the contactor is attached to the body whose displace- 
ment is to be measured. When the body moves, 
the contact point is drawn over the contacts, thus 
altering the resistance of the circuit and producing a 
definite record on the oscillograph film. When the 
contact point is on an insulating segment, the current 
goes to zero but rises to a definite value as it comes onto 
one of the contacts. A record obtained with such an 
instrument is shown in Fig. 10. 
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‘ plotted curve. 
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One advantage of this method is the great accuracy 
which can be obtained by its use. Both time and 
distances can be measured with high precision. Also, 
the method is very flexible. For example, in deter- 
mining the recoil of a gun, the motion is slow at first 
but changes rapidly. At the beginning, contacts may 
be made to advantage every one-tenth inch. However, 
with increasing velocity, these could not be recorded 
satisfactorily, so that after the first inch it is desirable 
to have the contacts made every one-half inch, and 
later when the velocity becomes more uniform, contacts 
which are made every two and one-half inches have 
been found satisfactory. This permits greater accuracy 
in those parts of the curve where accuracy is needed. 


The method has, however, certain disadvantages. 
It is obvious that one can never tell the exact instant 
that the motion starts. However, if the apparatus is 
well made so that the first contact occurs one one- 
thousandth of an inch or less after the motion begins, 
this is not a serious difficulty. In fact, by such an 
arrangement it may be possible to determine the time 
at which the motion begins with greater accuracy than 
can be done by some method which records the motion 
directly. Another disadvantage of the instrument is 
the fact that, if the time-displacement curve has a 
maximum value, this maximum value is not recorded 
by this method but must be determined from the 
The error in the maximum value can 
be diminished by arranging the apparatus so that 
contacts occur at frequent intervals near this point. 
However, when the maximum value of the occurrence 
is a matter of importance, care must be exercised in 
designing the apparatus in order that it will give the 
necessary accuracy. 


Fie. 10 


Portion of a record obtained by a recoilmeter using the step-by-step 
method. The distance between timing lines corresponds to one one- 
thousandth of a second. Contacts were one-tenth of an inch apart. 


The fact that the time-displacement curve can be 
be obtained only by plotting the data which is read . 
from the oscillograph film is, in some cases, a disadvan- 
tage. This becomes, however, an advantage when 
great accuracy is desired, since the films can be read 
with such accuracy that a very large sized plot can be 
made. This is very necessary if the time-displacement 
curve is to be graphically differentiated to obtain a 
time-velocity curve. Moreover, the time-accelera- 
tion curve, which can be obtained by a graphical 
differentiation of the time-velocity curves is of value 
only if the time-displacement curve is constructed with 
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the highest accuracy. In Fig. 11 is shown the time- 
displacement curve of a gun during the first seven 
inches of recoil, together with the velocity-time curve 
and the acceleration-time curve. The last two curves 
were obtained from the first by graphical differentiation. 

In analyzing the motion of a moving body, it is 
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Fig. 11 


Curves obtained by means of a recoilmeter during the firing of a large 
gun. The displacement-time curve is plotted from data obtained from an 
oscillograph record, together with the calibration data of the recoilmeter. 
By differentiating this curve graphically, the velocity-time curve is ob- 
tained. The acceleration-time curve is obtained by graphical differentia- 
tion of the velocity-time curve. 


sometimes desirable to obtain time-displacement curves 
of two different parts of the mechanism from which the 
displacement of one part relative to the other can be 
determined. An interesting application of this was in 
determining the instantaneous torsion of the shaft of 
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Fig. 12 


Torsional vibrations of an engine shaft at two critical speeds. 


a large Diesel engine. At certain speeds the shaft of 
the engine showed large torsional vibrations. By 
placing accurately made commutators on the two ends 
of the shaft and recording on the oscillograph the times 
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when the segments passed a definite position, it was 
possible to plot curves which showed the torsion of the 
shaft at any instant. Two such curves are shown 
in Fig. 12. It will be noted that one end of the shaft 
showed almost uniform rotation, whereas there is a 
very pronounced sine wave at the opposite end. 

The same principle can be applied in the simultaneous 
measurement of several displacements. If these are 
recorded by one or more oscillographs so that the rela- 
tive times can be determined, a very complete knowl- 
edge of the motion of the body can be obtained. This 
has been applied to the study of the motions of the 
turret. and turret structures on a battleship when the 
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Diagram of a pressure gage by means of which a pressure-time curve 
can be obtained when the pressure on the plunger is changing rapidly. 


guns of this turret are fired. In this case eight oscillo- 
graphs were used, giving twenty-four separate records. 
These showed not only the displacement of the turret 
in three perpendicular directions but also the rotation 
about three perpendicular axes. They likewise gave 
the distortions of the structures which support the 
turret. This complete analysis was possible not only 
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Fig. 14 


Curves of pressure obtained simultaneously by three independent gages, 
mounted in a bomb which had a small vent. The pressure was produced 
by igniting a charge of powder. 


because of the accurate timing which could be obtained 
through the use of the oscillograph, but also because 
all times could be referred to the same zero. 
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VI. APPLICATION OF STEP-BY-STEP METHOD TO A 
PHENOMENON WHICH CAN BE REGISTERED AS 

A DISPLACEMENT 


There are many phenomena whose magnitude can 
be determined by means of a displacement, and hence 
they can be recorded on an oscillograph by the method 
described above. We shall indicate only one applica- 
tion, namely, the measurement of a rapidly varying 
pressure. A diagram showing the principles involved 
in such an instrument is given in Fig. 18. The pressure 
which is applied to the plunger compresses the spring. 
This causes the contact point to move over a series of 
contacts, producing a record which is identical in form 
with that of the displaceometer described above. In 
Fig. 14 are shown curves obtained by three separate 
pressure gages which were placed in a bomb. The 
pressure rose to over 20,000 lb. per square inch in 
approximately one-tenth of a second. A satisfactory 
time-pressure curve was obtained. 

The illustrations in this article have been drawn from 
the experience of the author and details are given only 
in so far as it is thought necessary to make clear the 
principles involved. There are many other ways in 
which the oscillograph can be used in measuring 
mechanical phenomena of short duration. It should be 
considered whenever it is necessary to investigate a 
phenomenon whose duration lies between one second 
and one millisecond. 

Several physicists and engineers have been associated 
with the author in redesigning the oscillograph and 
in developing the experimental methods herein pre- 
sented. Particular mention should be made of Dr. R. 
C. Duncan and Mr. H. H. Moore. 


Discussion 


J.R. Craighead: Mr. Curtis has given a great deal of atten- 
tion to pushing the use of the oscillograph into fields decidedly 
-beyond that for which the device was originally designed. The 
fundamentals of the oscillograph (that is, the natural frequency 
of the vibrator, and the photographic ability of light which can 
be placed upon the film) are such that values of the order that 
Mr. Curtis speaks of ean be attained, but the general mechanical 
construction, and details, have been laid out with a view to 
practical operation in the shop and in power stations, rather than 
reaching the extreme values which Mr. Curtis has attained. 


I made a few comparisons from the figures given in Mr. Curtis’ 
paper. The width of the beam actually photographed on the 
film is usually of the order of 4 V4 1g in. It can be brought down 
considerably below that, but in the same oscillogram, the actual 
width of the beam photographed is dependent on the rate at 
which the beam is displaced; in other words, the same spot of 
light displaced somewhat slowly will produce ‘a much wider 


beam than it will when displaced with extreme rapidity, because. 


of the varying photographie effect proceeding from the center 
of the beam outward. , 


Mr. Curtis is measuring, according to the text of the paper, 
by means of a comparator, distances of approximately 0.001 in. 
and these distances are being measured on a beam such as I 
have described which ordinarily would be !/j5 in. wide, but 
which as his oscillogram shows he has been able to get down to 
much less width. Will he give us a word or two regarding the 


CURTIS: USE OF AN OSCILLOGRAPH 


271 


type of comparator he uses which enables him to place these 
beams in such a way that distances as small as 0.001 in., or less, 
as implied in some of his statements, can be correctly measured. 

There is no difficulty, of course, in reading that distance on the 
comparator. What I am trying to get at is the question as to 
how he ean apply the comparator to a somewhat indefinite line 
and get the accuracy mentioned. It is, of course, essential to 
place on the film the timing lines to which he refers. 

In regard to the actual correctness of the observation, after the 
photograph has been made, one further consideration of impor- 
tance comesin. The ordinary kodak film expands when you put 
it in the developer and contracts when you dry it, after taking 
it out. The amount of expansion and of contraction and the 
exact size of the film at the time the photograph is taken are all 
quantities which depend upon the exact atmospheric conditions 
and the exact method of treatment. Because of conditions of 
this kind, timing by lines very closely in the vicinity in which 
measurement is to be made becomes essential. These lines 
which Mr. Curtis has placed on his films, it seems to me, should 
be extended all the way across the film, if he is going to get 
correct measurements for some of the values which he has 
indicated as going to the extreme opposite side of the film. 

F. V. Magalhaes: Mr. Curtis makes the statement: ‘‘Ex- 
periments have been made with different sources of light, but for 
the highest film speeds it is necessary to use an are lamp.”’ 

No question is raised with regard to that particular statement, 
but it would be of interest to know what measure of success he 
may have obtained with other sources of light, presumably 
incandescent lamps, for use with the oscillograph. 

In the laboratory, where the particular function which is being 
measured can be repeated until a proper record is obtained, it is 
quite possible to use the are which provides an intensity and a 
quality of light which is very satisfactory for high-speed films. 
In the field it is sometimes necessary to use an oscillograph under 
conditions where it is difficult, if not impossible to repeat the 
function. The are under these conditions introduces variables 
such that consistently good oscillograms are hard to obtain. 
It is an accomplishment, to my mind, to operate an oscillograph 
continuously and without failure in the field. It means a careful 
wateh on about a half dozen different factors or parts of the 
oscillograph, including the are. When you get the results with 
the are, they are very satisfactory, but it is difficult to handle, 
and it would be valuable indeed to have a satisfactory source of 
light such as an incandescent lamp, free from the mechanical and 
electrical variabilities that exist in the are. 


C.E. Skinner: Mr. Magalhaes has suggested the desirability 
of a light source easier to operate than the arelamp. Mr. J. W. 
Legg’s work has been done with an ineandescent lamp, usually 
flashed at the instant of the taking of the picture, and I think 
his discussion will show that he has accomplished considerable 
in the way of speed in connection with the use of this device. 


J. W. Legg: Practically all of the mechanical measurements 
made by Mr. Curtis have been made by electrical engineers in 
connection with electrical testing but have not been heretofore so 
fully described, and in some cases have not been so carefully 
worked out. 


The writer’s article in the Transactions A.I.E.E:, 1923, _ 
Vol. 42, p. 381 on “Expansion. of Oscillography,”’ states: 
‘Many purely mechanical movements can be detected and 
studied only through the medium of electricity and the oscillo- 
graph. Undesirable vibrations in machinery, noises, minute 
movements, momentary pressures, disturbances in the atmos- 
phere, properties of materials and many other non-electrical 
functions have been studied with the oscillograph. Force or 
movement has to be transformed into a change in electric current 
through the medium of the carbon microphone, a special genera- 
tor, a varying capacity or reactance, or the action of the piezo- 
electric erystal. The resulting current may be recorded directly 
by the oscillograph, or first amplified to suitable strength by the 
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three-electrode vacuum tube.’ These various mechanical 
measurements have been made by electrical-apparatus manu- 
facturers in conjunction with electrical tests on quick-acting 
circuit breakers, electric locomotives, synchronous-converter sets, 
and the like, but heretofore, have not been taken up by non- 
electrical apparatus manufacturers, except where the manufac- 
turer is in close touch with the electrical industry, as is the case 
with some steam-turbine manufacturers. 


The value of the various attachments which were made by 
Mr. Curtis for his particular oscillograph was realized by the 
writer when designing the oscillograph described in the July 
1920 Journau (Vol. XX XIX page 674). An improved optical 
efficiency and an incandescent lamp were substituted for the old 
are lamp; all control apparatus was included in the main unit; 
a mechanical shutter and control mechanism were designed to 
cause transients to appear on desired parts of the film, and a 
fourth optical system was provided for the timing lines. A 
simultaneous-viewing scheme was proposed but not adopted at 
that time. The oscillograph described in the February 1923 
JourNAL has been furnished, for particular non-electrical work, 
with a simultaneous-viewing attachment which has one great 
advantage over that described by Mr. Curtis, in that viewing 
continues during the photographic -exposure as well as just 
previous to it. The incandescent lamp is operated on abnormal 
voltage only during the photographic exposure, hence if the 
particular transient required does not appear during the extra- 
bright wave period, then, the operator can be sure that it was not 
successfully photographed and may repeat the test without wait- 
ing to develop the film to find the failure. 


The increased optical efficiency of the new portable oscillo- 
graphs, including the six-element instrument, would have been 
a help to Mr. Curtis with his high-speed films. By arranging 
the film on the drum to come closer to the oscillograph optical 
slot, if was possible to use a much wider angle of convergence 
from the cylindrical condensing lens than was utilized in older 
forms, thus increasing the intensity of the record on the film in 
the same way that a larger diaphragm opening in any camera 
inereases the exposure without enlarging the image. 


The large-diameter drum, used by Mr. Curtis, is a necessity 
for extremely high-speed work. . Such a large drum has not been 
required heretofore for electrical phenomena, a compact day- 
light-loading one being used for the same length films. Such a 
film holder has been planned with a differential shutter which 
gives a small fraction of a revolution exposure and then a com- 
plete revolution without exposure, followed by another fraction 
of a revolution exposure, and so on, until the exposures cover the 
whole film. Thus, several high-speed records may be taken of 
some transient phenomena which are repeated several times 
with intervals between each transient longer than the duration of 
each transient. In the electrical industry such a film holder 
would be ideal for showing repeated short-circuit phenomena on 
oil cireuit breakers, and switches. For mechanical measure- 
ments, such a film holder with differential shutter, might be used 
to give several high-speed records of the effect on a material of a 
terrific blow repeated at definite intervals until the material is 
shattered. The transient and the oscillograph lamp may be 
controlled by the shutter shaft, while the film rotates at a slightly 
different speed to get the intermittent exposures in the proper 
sequence. If the film speed is to be great and the time interval 
between exposures appreciably long, several revolutions of the 
film may occur before the lamp is lighted again in time to take 
another exposure when the shutter opens the next time, ete. 


Schemes for recording several mechanical and electrical values 
with a single vibrator element have often saved much time and 
expense in testing. Before the development of the new portable 
oscillographs, the writer frequently recorded five distinct 
mechanical occurrences and times with one vibrator, leaving the 
two other vibrators for electrical measurements. The inductive 


kick from the actuating coil of an electrically driven tuning fork 
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gave sharp kicks to the wave at the rate of 200 per second (or 
whatever rate was desired) while a potentiometer was used to 
record the displacement-time curve of the plunger of a quick- 
acting trip magnet. Contacts with resistances were arranged 
for showing when the main circuit breaker contacts parted, when 
the arcing tips parted, when the contact separation reached 
14 in., and when the contacts were fully separated. The other 
vibrators showed the current and the voltage characteristics of 
the trip circuit. 

The use of the double carbon pile for recording pressures, 
stresses, accelerations, etc., was found to be quite limited in its 
application, since it is affected by sideways shock. To avoid 
this error, electromagnetic schemes were resorted to, which were 
so planned that the converters were not affected by any dis- 
turbance except the particular values which were to be recorded. 

The step-by-step methods for measuring displacements, in- 
cluding an accurately made commutator with one tooth to every 
ten degrees (except for the last which was omitted) were found 
to be altogether too crude for most vibration studies. Special 
apparatus, operating on the electromagnetic principle, was de- 
signed which made it possible to record torsional vibrations of 
less than one one-hundredth of a degree (0.01 deg.) and less than 
ten-millionth of an inch (0.000010 in.), at frequencies as high as 
2200 eycles per second. Furthermore, the calibration of these 
devices was constant, and was unaffected by centrifugal force 
or high-speed rotation. 

The writer feels certain that there is a greater field for the 
oscillograph for observing and recording mechanical and other 
initially non-electrical properties, than there ever has been 
in the electrical industry. The advent of the six-element 
oscillograph and the extremely portable single-element oscil- 
lograph described in the December, 1924 ‘‘Electric Journal” to- 
gether with Mr. Curtis’ article, should open the way for mechan- 
ical engineers to study their own problems as never before. 

C. H. Sharp: The question of the source of light has been 
raised by Mr. Magalhaes, and that is an extremely pertinent 
question. I should like to ask whether an attempt has been 
made (and if so, whether it has been successful) to apply the 
little tungsten are in vacuum, a lamp that is known in England 
as the Pointolite lamp, to this kind of work. That gives a very 
small source of light and I think one of very high intrinsic 
brightness. _ 

Another thing that I wish to point out is this: that the oscil- 
lograph as it is at present constructed is essentially an ammeter. 
It utilizes the magnetic field produced by one turn, and that is 
all. Its sensitivity is limited by the fact that whatever field 
operates it is a field produced by a single turn in another field. 

It would be an extremely useful thing if we could have an 
oscillograph which would set up a field from many turns, instead 
of only one. It would then become a high-resistance instrument, 
sensitive to extremely small curfents, and, of course, requiring 
higher voltage to operate it. In other words, it would be a volt- 
meter rather than an ammeter. 

We should not lose sight of the fact that the original oscillo- 
graph as proposed by Blondel a good many years ago was capable 
of doing this sort of thing. I refer to the oscillograph in which 
the moving element was like a Thomson galvanometer, in that 
it consisted of many little, soft iron needles on a quartz rod, 
suspended by a quartz fiber, in a magnetic field, and then actuated 
by another magnetic field at right angles. set up by coils which 
were in circuit with the current which was to be measured. 

These coils evidently could either be of the small number of 
turns low-resistance type, making the instrument an ammeter, 
or of a large number of turns of the high-resistance type, making 
it a voltmeter. Thus, its theoretical applicability was consider- 
ably greater than the applicability of the present day oscillo- 
graph, which is made on the principle of the d’Arsonval galva- 
nometer rather than the Thomson galvanometer. 

I am quite aware of the fact that there are very serious diffi- 


culties with the original Blondel oscillograph, and on account of — 
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those practical difficulties, that form of instrument was set aside 
in favor of the one which is now universally considered. But I 
want to point out that somebody in the light of present knowl- 
edge and of present developments might be able to develop an 
oscillograph of the multiple-turn type which would still further 
enlarge the field of this already very powerful instrument. 

The cathode-ray oscillograph, of which a very interesting 
type with a hot cathode has recently come out, will do this 
thing, because it can use separate coils, and it is also capable of 
operating on the principle of electrostatic deviation. 
all know, this type of oscillograph suffers from certain other 
disadvantages which are of a great deal of importance in many 
applications. So that the cathode-ray oscillograph cannot be 
said to be in a position to displace the electromagnetic oscillo- 
graph, but rather to supplement it. As we know it is capable 
of portraying currents of extremely high frequencies such as 
are beyond the range of the electromagnetic oscillograph. 

To repeat, one thing that we ought to have, if we can have it, 
is the electromagnetic oscillograph developed in such form that 
it will be sensitive to currents of very much smaller value than is 
the present one-turn oscillograph. 


Edward Bennett: Dr. Sharp has stated that there is a 
need for an oscillograph of high current sensibility. It may be 
well to point out that if the oscillograph is to be used to obtain 
oscillograms of alternating currents or of rapidly varying currents 
its current sensibility may be increased a hundred fold or more 
by the use of a current transformer. Such a transformer is 
described in the Transactions for 1914 in a paper entitled 
“A Milliampere Current Transformer.”’ By the use of this 
transformer, extremely accurate oscillograms can be obtained 
of alternating currents having a r.m.s. value as low as 0.0002 
ampere, provided this current: is supplied under such conditions 
that a voltage drop of 4 volts across the current transformer is 
not objectionable. The limitations of the existing oscillographs 
as regards sensibility are best thought of and expressed in terms 
of the watt sensibility of the instruments. Thus, it requires 
a minimum watts expenditure of 0.2 milliwatts in the vibrator 
to obtain an oscillogram of reasonable amplitude. 


With the advent of permalloy, it should be possible to construct 


current transformers to obtain oscillograms of currents as small 


as 20 microamperes. 

C. H. Sharp: What about direct-current? 

Mr. Bennett: If the current which is to be recorded is 
varying rapidly enough, that is, if it is not an extremely long- 
period phenomena the current transformer is satisfactory, al- 


though you have to make some interpretation then for the steady 


drift that occurs under those conditions. 


L. T. Robinson: A very interesting point was raised by 
Dr. Sharp, with reference to the cathode-ray oscillograph, which 
certainly will do lots of things that nothing else will do but it 
sometimes fails to operate satisfactorily. In that respect, it 
differs from the other type of oscillograph, which is about 
twenty-five years ahead of it, perhaps, in commercial 
development. 

With regard to the sensitivity of the oscillograph, it is sel- 
dom the case that Dr. Sharp is wrong, but I think in this in- 
stance he is. That is, I don’t think that the earlier Blondel 
type is sensitive, when you think of the watt sensitivity. To be 
sure, it will go on a very small curcent, but in watts, I feel sure, 
that the other type is much more sensitive. 

Professor Bennett’s contribution about the current-trans- 
former is all right, too, but it puts it into a less sensitive class 
rather than into a more sensitive class, because, however lied the 
transformer is it must take some energy to run it. 

The real way is to make use of the vacuum-tube amplifier. 
It is very sensitive, very effective, very easy to use, and at once 
you are in the microwatt class. That is, it consumes very little 
energy in relation to the quantities to be measured. With a 


But, as we’ 
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properly designed amplifier it can even be made reasonably 
successful on direct-current. ; 

F. G. Baum: I am encouraged to tell of the application of 
the oscillograph to a specific mechanical problem, because I 
think it will suggest the application to other problems. 

A few years ago we started a water turbine under a 425-ft. 
head, 40,000 h. p., and when the load’ came on the turbine, a 
distinct vibration was set up in the penstock, the pipe line being 
about 1000 ft. long and 8 to 10 ft. in diameter. The vibration 
was so distinct that you could hear it several hundred feet 
away, and near the turbine 1t would break off the small pipes 
that were connected to the instruments. It was rather a dis- 
turbing thing to us and it occurred largely as the load came on. 
At light load, it occurred very little. 

Mr. Roy Wilkins applied the oscillograph to this problem. 
I think you will find it described either in the Institute records 
or in the Electrical World, I am not certain which. He merely 
used a diaphragm taken from a phonograph, with a carbon 
element going to the oscillograph, and the vibration was found, 
I believe, to be about 80 cycles per second. Changes were made 
in the runner which changed the vibration to such an extent that 
the turbine was all right; it was perfectly safe as an operating 
problem although a slight vibration was still left. 

However, it was decided that new runners should be designed 
and here is an application of the oscillograph to the design of a 


45,000-h. p. runner of a water-wheel. 


There are other applications for which we might use it. 
For example, on certain long spans where we pull up the wire 
tight, the wire at the tower is thrown into vibration. In one 
of our steel spans crossing the Bay of San Francisco, a span 
4400 feet long, there was a decided vibration as the span ap- 
proached the fixed support. That was corrected by adding 
weights, beginning with small weights away from the support 
and gradually increasing the weights as we approach the tower. 
But I think we could have made a better solution of the problem 
with the oscillograph. 

I. M. Stein: The outstanding feature of an oscillograph is 
that it records what happens during very short intervals of 
time. Progress with these new mechanical and physical appli- 
cations of the oscillograph will be more thorough and more rapid, 
if we can work with still shorter intervals, and this means a 
shorter period in the vibrating element. A short period is 
something which has to be built into the oscillograph. In other 
words, if the development of the oscillograph is along the line of 
putting into the oscillograph something which you can’t put 
outside, leaving to vacuum-tube amplifiers the matter of getting 
proper sensitivity, we will get farther than by trying to get 
higher sensitivity inside of the instrument. 

Direct-current amplification as mentioned by Dr. Sharp is 
very important. It would be a real service to humanity if one 
could improve the d-c. amplification methods; I have in mind 
particularly the need for a device to measure X-ray dosage in the 
treatment of cancerous growths. The problem involves the 
measurement of a minute direct current through an ionization 
chamber. It is only recently that d’Arsonval galvanometers 
have been developed to be sufficiently sensitive for this work. 
Such instruments are yery satisfactory for investigators, but the 
X-ray physician needs a more rugged instrument with a good 
d-e. amplifier. 

W. H. Pratt: One point that Dr. Sharp raised in connection 
with Mr. Curtis’ paper (and it has been touched on also by 
Mr. Stein) is the sensitivity and the periods of operation. I 
think that Dr. Stein had in mind the Einthoven galvanometer 
when he made those remarks. Dr. Einthoven told me not long 
ago that in some of his recent instruments he was able to obtain 
a natural period of oscillation of the order of a million cycles per 
second; and the sensitivity to current is correspondingly great. 

H. H. Moore: With reference to the method of méasuring 
the speed of the film, I wish to eall attention to the fact, that in 
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addition to the greater accuracy of this method over the use of a 
60-cycle a-c. wave, it is also decidedly more convenient, and 
in the case of a three-element oscillograph it makes available 
an additional element thus increasing the usefulness 50 per cent, 
and obviating in many eases the use of an additional oscillograph. 


Recently the Ballistic Section of the Naval Research Labora- 
tory made an investigation of the hydraulic steering gear of the 
U. S. S. West Virginia and used extensively the oscillograph 
and the step-by-step method of recording. This work in- 
volved the measurement of hydraulic pressures of approximately 
1000 Ib. per sq. in. maximum at six principal points of the sys- 
tem; rudder angle, ship’s heading, and power input to the steering 
motor, all relative to time. Each individual run required about 
8 min. to complete. The pressure, rudder angle and power input 
intervals which were approximately equal required about 40 sec. 


In connection with this work it was necessary to develop 
considerably new equipment for the oscillograph. A film holder 
to take 200 feet of film and give it a uniform rate of travel at 
about !/» in. per second wasdeveloped. Thiscompatarively slow 
film speed required a different timing mechanism and an ap- 
paratus was devised to give flashes of light each second. In- 
candescent lamps were used as the source of illumination. All 
of the apparatus functioned satisfactorily, and it is not believed 
that apparatus other than the oscillograph and the step-by-step 
method of recording are now available which would have given 
the desired results. 

V. Karapetoff: In Fig. 11 curves are shown obtained by a 
graphical differentiation of an experimental curve. It may be of 
interest to call attention to my integraph, based on parallel- 
double tongs, which permits one to draw such derived curves 
directly, by simply following a given curve with a stylus. The 
instrument is deseribed in the Journal of the Optical Society of 
Ameriea, 6:978, 1922. 

G. W. Vinal (communicated after adjournment): Dif- 
ficulties arising from the amount of current required to operate 
the oscillograph have been overcome in connection with a study 
of potential measurements and polarization at the Bureau of 
Standards, by the use of a resistance-coupled amplifier. The 
cell under examination was made a part of the potential applied to 
the grid of a vacuum tube. The oscillograph element was con- 
nected with the plate circuit of the second amplifying tube. 
With such an arrangement no current is required from the cell 
which is under investigation. By using a half cell, a variation in 
the potential of single electrodes may also be observed. A dis- 
cussion of this method of using the oscillograph will appear in a 
forthcoming paper to be published by the Bureau of Standards. 


A. Naeter (Communicated after adjournment): In the 
discussion following the presentation of the paper by Mr. 
Curtis it was stated that small transient currents might be 
stepped up by current transformers to make them sufficiently 
large for recording by means of an oscillograph. The writer 
desires to point out that in case the' primary current contains 
transient terms the transformer itself introduces certain terms 
into the secondary current. 


In a paper on “‘Transient and Permanent Phenomena in Elec- 
trie Series Transformers” presented before the Royal Society 
of Canada in Ottawa on May 28, 1913, Andrew MeNaughton 
determined from mathematical considerations and experimental 
data that in ease of transients the secondary current is of one 
degree higher order than the primary current. Expressing this 
in physical terms, it means that the secondary transient current 
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is distorted. In a bulletin on the ‘‘Characteristics and Limita- 
tions of the Series Transformer’’ issued by the University of 
Illinois Engineering Experiment Station, A. R. Anderson and 
H. R. Woodrow show as a result of their investigations that the 
series transformer, especially with an iron core is unreliable for 
recording transient or unsymmetrical currents. This bulletin 
agrees with McNaughton that transient currents are not repro- 
duced exactly in the secondary of a current transformer. | 

H. L. Curtis: Mr. Craighead has asked concerning the type 
of comparator which was used in measuring the films. We have 
used a comparator in which a microscope is moved by a microm- 
eter screw. The operation consists in setting the microscope on 
two adjacent events and reading the distance from the microm- 


‘eter screw. With good quality films, it is possible to set the cross 


hair of a microscope on the center of a line with an accuracy of 
about 0.001 in. A discussion of the errors in such measurements 
is given in a paper referred to in Footnote 2 of this paper. 

The question of film shrinkage is an important'one. If the 
film shrinks uniformly, no error is introduced since the distance 
between timing lines shrinks to the same extent as the distance 
between the events measured. However, if the film shrinks 
unevenly, errors will be introduced. Some values of the shrink- 
age of films are given in ‘‘Notes of the Shrinkage of Photographie 
Films (Journal of the Optical Society of America and Review of 
Scientific Instruments, Vol. VII, No. 3, March, 1923) and a more 
complete discussion is given by Frank E. Ross, ‘‘Mensurational 
Characteristics of Photographie Film,” Astrophysical Journal, 
pp. 181-191, April, 1924. This last paper was prepared at the 
Research Laboratories of the Eastmen Kodak Company and 
indicates that a very satisfactory film can be produced. 

Mr. Craighead suggests that it would be desirable to have the 
timing lines reach the full width of the film. We have used 
such an arrangement but find that occasionally a timing line will 
occur at the same time as an event which is to be measured. 
This makes the accurate measurement of the event very difficult. 

Mr. Magalhaes inquires concerning the relative speed of 
film that can be obtained with an are lamp and with an inean- 
descent lamp. With an are lamp, we have successfully: worked 
with a film speed of 100 ft. per see. With incandescent lamps, 
we have made satisfactory records with a film speed of 10 ft. 
per sec. provided the lamp was used at over voltage during the 
time the film was exposed. The point-o-lite lamp, which is a 
tungsten are in vacuo, gives about the same result as an incan- . 
descent lamp. Another source of light has been tried which is 
produced by heating, by means of an electrie current, a tungsten 
wire in air until it vaporizes. The current is thrown onto the 
wire a few tenths of a second before the shutter is opened. This 
produces a very intense light but the resulting deposit of tungsten 
oxide is objectionable. Perhaps this could be avoided by using a 
earbon filament in place of the tungsten wire. 

Much of the trouble with the are lamp is due to the poor de- 
signs which are in common use. We have had very little diffi- 
culty with the hand-feed are lamp here described. Satisfactory 
automatic are lamps have been manufactured but they are not 
now on the market. 

Mr. Legg spoke of using a short-foeus cylindrical lens. This is, 
of course, desirable, and should be carried out as far as possible 


When an are lamp is used the film speed could probably be 
considerably mereased by using a fused-quartz optical system, 
together with a damping oil which is transparent to ultra-violet 
light. Such a system has been designed and partially con- 
strueted but has not been tested. 


Temperature Errors in Induction Watthour 
Meters 


An Analysis and the Development of a Temperature-Sensitive 
Magnetic Material Suitable for Compensation 


BY I. F. KINNARD: 
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Synopsis.— This paper is presented in two principal divisions, 
Part I and Part II. The first deals with the general problem of 
small errors due to temperature changes in watthour meters and 
describes methods of segregating the various components of these 
errors. It is shown that they may be divided into two principal 
groups, termed Class 1 and Class 2. Class 1 errors are operative 
at all power factors and are of the greater importance; Class 2 
errors are important only at low power factors, and methods of 
eliminating these are pointed out. Both of these classes are further 
subdivided into their component parts. 
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and 


In Part II of the paper is described a method of compensating 
for Class 1 errors by means of magnetic shunts made of thermalloy. 
The term ““Thermalloy” is applied to a series of copper-nickel-iron 
alloys having a large negative temperature coefficient of permeability 
and other unusual properties. These alloys are discussed in some 
detail, their manner of preparation and application being considered 
original. 

In the appendiz, 


thermalloy is described. 
* * * * * 


a novel magnetic thermometer utilizing 


Part I 


INTRODUCTION 


N electromagnetic device, such as an induction 

watthour meter, the operation of which depends 

upon the exact magnitude and phase relation of the 
various fluxes, is more or less susceptible to changes due 
to variations in temperature. This is to be expected 
when it is considered that almost all of the properties of 
ordinary electrical and magnetic materials change to 
some extent with temperature and that in some of the 
essential materials in a watthour meter, such as copper 
and magnet steel, this change is very marked. It is 
true that this type of watthour meter is, to a large 
' extent, inherently self-compensating and that the varia- 
tion in speed of a well-designed meter, when a change in 
temperature occurs, has generally been considered too 
small to have any serious effect on accurate metering. 
In keeping with the constant tendency toward more 
precise measurement of power, however, it is expedient 
that this problem should be given careful consideration 
and steps taken to reduce the small effect of ambient 
temperature and self-heating. 

There has been very little material published on the 
problem of temperature errors in induction meters, as 
far as the authors have been able to determine. 
Fawsett? has described a precision watthour meter in 
which he has used a manganin lag plate and a braking 
magnet mounted upon a bi-metal‘support which moved 
in and out in such a manner as to effect a temperature 
compensation. There has been at least one other 
meter designed utilizing the bi-metal principle in an 

1. Both of Engineering Department, West Lynn Works’ 
General Electric Company. 

2. New Precision Watthour Meter—The Electrician, March 
7, 1924. 
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endeavor to correct temperature errors by mounting 
the magnet adjustment-disk so that it is free to move 
closer to or farther from the magnet depending upon 
the ambient temperature. These schemes are depend- 
ent upon a mechanical motion about which there is 
always more or less uncertainty, and the magnitude of 
the compensation depends upon the position of the full 
load adjustment on the meters; so they are at best 
only approximations. 

In order to arrive at a proper understanding of the 
nature of this problem, it will be well to review the 
causes of temperature errors in some detail. 
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A—Power Factor = 1.0 
B—Power Factor = 0.5 


ANALYSIS OF TEMPERATURE ERRORS 


It is generally known that induction-type watthour 
meters increase slightly in speed when a temperature 
rise occurs. Fig. 1 is typical of the relationship existing 
between percentage change in watthour meter speed 
and temperature for common types of meters at — 
unity power factor and at 50 per cent power factor. 
It will be seen that a considerable difference in meter 
speed may be occasioned by a change from outside zero 
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weather to a heated room, which is of course an extreme 
condition of use. The effect of temperature at low 
power factors current lagging is much less than at unity, 
which indicates a greater tendency toward self-compen- 
sation under the former conditions. Different makes of 
watthour meters exhibit considerable difference in tem- 
perature characteristics, and some have a greater speed 
increase with rising temperature than that shown in 
Fig. 1; but in general they all follow the same laws. 

In order to analyze the phenomena of temperature 
errors, we adopted the experimental method of select- 
ing one possible variable and by holding it constant 
while the temperature. was changed noting the result 
on the meter’s performance. 

There are two main classes into which thé various 
factors governing changes due to thermal effects may 
be divided: 

1. Factors governing the magnitude of either poten- 
tial or current fluxes, or both, or the magnitude of the 
braking flux. 

2. Factors governing the phase relation between 
potential and current fluxes. 

Due to the fact that the torque is proportional to 
the sine of the angle between the useful potential and 
current fluxes, and that in a properly adjusted meter 
these are exactly at right angles for unity power factor, 
it follows that any small variations in flux phase relations 
are not important at high power factors. For example, 
a shifting of three degrees at 100 per cent power factor 
changes the torque only 0.14 per cent, while the same 
change in angle if the meter were operating at 50 per 
cent. power factor causes a change in torque of nearly 
9 per cent. It might, therefore, be stated that errors 
under Class 1, are equally operative at all power factors 
and that those under Class 2, while negligible at unity 
‘power factor, are increasingly operative as the power 
factor decreases. : 

It has long been suspected that the control magnets 
were responsible for a large share of the observed tem- 
perature coefficient falling under Class 1. Several 
writers’ have pointed out that permanent magnets 
have a decided temperature coefficient and that their 
strength decreases with an increase of temperature. 

In order to ascertain to just what extent the magnet 
was responsible for the errors observed at unity power 
factor, it was necessary to devise some method whereby 
the braking torque could be held constant while the 
meter was raised to various temperatures. This was 
attempted in several ways, one of which was evidently 
quite successful as will be described below. Tests of 
this nature are inherently difficult and tedious, but 
great pains have been taken in obtaining the results 
herein described and it is believed that the information 
is reliable. 

The first method tried for eliminating the uncertainty 
in the magnitude of the braking torque when the 


3. The Effects of Changes of Temperature on Permanent 
Magnets—Am. Jour. Sci., Vol. XV, No. 87, March, 1903. 
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meter undergoes variations in temperature was the 
substitution, for the control magnet, of an air fan 
attached to an extended shaft and enclosed in a glass 
chamber. Various shapes and sizes of fans were tried 
without much success. The chief difficulty was in 
obtaining sufficient retarding torque, by this method, 
to work with any considerable driving torque or load 
on the meter; hence, friction played too prominent a 
part in the result. 

It was then decided to endeavor to keep the braking 
flux constant by keeping the magnet at a constant 
temperature while the rest of the meter was heated. 
The meter was mounted in a glass case, which contained 
a resistance coil for heating and a fan for circulating the 
air and thus keeping the temperature uniform through- 
out. It was provided with a long shaft which extended 
through the top of the case and supported a manganin 
damping disk. The driving disk was also of manganin, 
so that any variation’ in speed of the meter when its 
temperature was raised should be due only to a change 
in driving torque, since the temperature of the magnet 
outside was kept constant as indicated by a ther- 
mometer held in close contact. 

A difficulty with this arrangement was that the 
weight of the two disks and the long shaft was so great 
as to cause excessive friction. This, combined with the 
light driving torque due to the use of manganin disks, 
served to make the experiment extremely difficult, al- 
though for some time it was thought that we were ob- 
taining quite satisfactory results. Sufficient data were 
obtained to indicate that the large part of the errors at 
unity power factor were to be found in the control 
magnets; but the test was finally abandoned in favor 
of the one next described. 


The method that we found to be most successful 
for holding the braking flux constant was by the use of 
a soft iron magnet having the same shape as the stand- 
ard type I-14, with which we were working. Magneti- 
zing windings, having sufficient turns to provide the 
required braking flux by the use of a very small 
magnetizing current, were placed around each half of 
this magnet. In order to measure accurately just how 
much braking flux was cutting the disk, an exploring 
coil wound in the general form of the figure 8 and shaped 
to conform to the outline of the meter disk was wound 
on a celluloid form and placed in close proximity to the 
bottom of the disk. Substantially, all of the braking 
flux that cut the disk was linked with this exploring 
coil. By connecting the latter to a ballistic galvanom- 
eter and reversing the primary current in the electro- 
magnet, a means of measuring the total flux ballistically 
was provided. In order to get the required accuracy of 
one-tenth of one per cent which we desired in this 
experimental work, a null method of measurement was 
adopted rather than a deflection method. This con- 
sisted essentially of simultaneously reversing the currents 
in the primary of a standard mutual inductance and 
in the magnetizing coils on the magnets. The respect- 
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ive impulses in the secondaries were passed differen- 
tially through a ballistic galvanometer, and when the 
point of balance was obtained the value of the current 
in{the mutual inductance was the measure of the total 
effective flux of the control magnets. 

A diagram of connections is shown in Fig. 2. The 
reversing switches S,; and S, were connected together 


Fic. 2—D1acram or Connections or APPARATUS FOR DE- 
TERMINATION OF TEMPERATURE ERRORS Dus TO MAGNETS 
P—Damping Magnet Winding 
X—Meter Under Test 
T—Exploring Coil A—Ammeters 
W—Wattmeter M—Mu tual Inductance 


S—Standard Watthour Meter. 


G—Galvanometer 
V—Voltmeter 


mechanically so that they could both be reversed at the 
same instant. The procedure in making the test was to 
adjust the current in the braking electromagnet by 
' means of the rheostat R. until the meter ran at the 
desired speed. The flux was then measured by ad- 
justing the current in the primary of the mutual induct- 
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Meter run under constant load conditions and braking flux varied. 


ance until the galvanometer gave no deflection when . 


both switches were reversed. The value of the flux 
passing through the disk and exploring coil could be 
readily calculated from well-known magnetic formulas 
such as are used for ordinary ballistic testing and need 
not be given here. After the meter speed at room 
temperature had been measured, the temperature of the 
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meter under test was raised to the desired value, the 
braking flux was adjusted to its original strength, and 
the speed was again determined by comparison with a 
standard test meter which was kept at room 
temperature. 

This test was reasonably satisfactory and gave 
results which were quickly checked to within one-tenth 
of one per-cent. One great advantage which it pos- 
sessed over all others tried was that the meters under test 
need not be changed in any other respect; and, therefore, 
the results obtained were directly applicable to a stand- 
ard induction watthour meter. This apparatus was 
first useful to determine the relationship existing be- 
tween braking or retarding effort and total flux in a 
magnet. Fig. 3 shows one of the curves obtained on a 
meter running under full load conditions at unity power 
factor, the braking flux being varied in such a manner 
that the speed changed from approximately 75 to 500 
per cent of full-load speed. 
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Fig. 4—SEGREGATION OF TEMPERATURE ERRORS IN INDUC- 


TION WatrHourR METER AT Unity Powrr Factor 


A—Change in Speed with Constant Braking Flux 
B—Change in Speed with Standard Control Magnet 
C—Change in Speed Due to Standard Control Magnet 
D—Variation in Braking Flux of Standard Control Magnet 


If plotted on double logarithmic paper, the speed will be 
seen to vary inversely as the 1.8 power of theflux. The- 
oretically this should be a squared relation, and experi- 
mental results fit quite closely with this value when it is 
considered that the data were taken over a very large 
range of speed and that it is probable the value of 
friction changed to some extent, as well as other factors 
not taken into consideration in the theoretical value. 

Meter speeds were next measured, at various | 
temperatures, and constant braking torque at unity 
power factor and 50 per cent power factor both at full 
load and light load. Part of these tests were made with 
the lag plate completely removed from the meter, thus 
determining just what effect this had on the temperature 
coefficient. Complete curves were taken in each case, 
and sufficient points were obtained and check tests made 
to minimize observational or accidental errors. 

The results of tests at 100 per cent power factor 
are shown by Curve A in Fig. 4. Itwill be seen that the ~ 
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meter speed still increases with increase in temperature. 
This must be due to an actual increase of driving flux 
cutting the disk, as it cannot be explained by a change in 
phase relation of the flux as noted previously. It is 
evident that the most plausible reason for this increase 
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in driving torque is that the permeability of the silicon 
steel laminations in the driving elements changes 
sufficiently with temperature to cause this effect. 
Changes in iron loss also have a small influence on the 
magnitude of the induced voltage or flux, as will be 
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A—Net Change in Speed with Constant Braking Flux 
B—Increase in Speed Due to Change in Driving Torque 
C—Total Change in Speed Due to Class II Errors 


explained later. Due to lack of time, we have not 
further investigated these theories but know that the 
effect is definite and of the magnitude as shown. 
Referring further to Fig. 4, Curve B represents a 
- temperature-speed curve taken with the retarding 
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torque supplied by a standard control magnet. 
The difference between these two curves is represented 
by Curve C and is the effect of the change in flux of the 
control magnet on the meter speed. Curve C, then, 
is the actual change due to the temperature coefficient 
of one particular magnet; and, although we have 
reason to believe that magnets vary somewhat in re- 
gard to the magnitude of this effect, this curve is fairly 
representative. The diagonal Curve D in Fig. 4 
represents the actual change in total flux of the magnet 
corresponding to this change in meter speed as obtained 
from the flux-speed curve shown in Fig. 3. This shows 
a nearly linear relation and indicates that the tempera- 
ture coefficient of the magnet is approximately 0.0003 
per degree centigrade. 

Tests were also made at unity power factor with the 
lag plate removed from the meter, and it was found that 
there was a small difference both in shape and in mag- 
nitude of Curve A. It was not of sufficient magnitude, 
however, to be considered of much importance, and we 
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A—Net Change in Speed with Constant Braking Flux 
B—Increase in Speed Due to Change in Driving Torque 
C—Total Change in Speed Due to Class II Errors Without Lag Plate 


have not attempted to completely analyze the small 
effect of changes in resistance of the lag plate on meter 
speed at unity power factor. 

In Fig. 5, Curve A are shown the results of tests made 
with a constant braking flux at 50 per cent power. 
factor. In this case, the meter slows down with in- 
creasing temperature and this effect is undoubtedly due 
to the shifting of phase relations noted under Class 2 
errors less the increased driving torque, as shown in 
Fig. 4, Curve A. By adding to the former curve, the 
change in speed due to the permanent magnet Fig.4 
Curve C, we arrive at Curve B, Fig. 5, whichisthe usual 
increase in speed noted with a standard meter at 50 
per cent power factor. 

Considering Fig. 6, Curve A is the same as shown in 
Fig. 5 and is the net negative error observed at 50 per 
cent power factor with braking flux held constant. Ifwe 
now substract from this the error observed at 100 per 
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cent power factor under the same conditions, which 
is constantly present in the opposite direction, we 
arrive at Curve C, the total change in driving torque 
duetoashiftin phaseanglewith temperature. Itwill be 
noted that this is nearly a straight line, and the reason 
for it will be described later. 


The lag plate was then removed and the 50 per cent: 


power factor test repeated. The results are plotted in 


S—STANDARD TYPE oF SINGLE WAtTTHOUR METER 
MAGNET 


Fig. 


Fig. 7, Curve A. By subtracting from this the results 
of a similar test at unity power factor, we obtain the 
total change due to shifting of phase angle, as shown by 
Curve C. By comparing these results with Fig. 6, 
it will be seen that the lag plate has a very decided part 
in the meter’s temperature coefficient at low power 
factors. 

In order to check these results, some direct tests 
(which it is hoped will be described in more detail in a 
later paper) were made on permanent magnets; and, 
in so far as horseshoe magnets of the general types found 
in Fig. 8 are concerned, it has been conclusively shown 
that the relation between strength and temperature is 
such as is illustrated by the curve in Fig. 9. Ina 
properly treated magnet, there is a definite strength 
_ corresponding to a given temperature, and heating and 
cooling curves are substantially the same for tempera- 
tures under 100 deg. cent. providing the magnet is held 
at any one temperature for a sufficient length of time 
to reach equilibrium. 

It has been suggested by some of our colleagues that 
the jaws of the magnet at aa’, Fig. 8, might open slightly 
with a temperature rise, thus causing an increase in the 
length of air-gap and a consequent diminution of flux. 
Thorough investigation has been made of this effect 
and it has been found negligible in relation to the 
others; for although a very slight effect of this nature 
does exist, it amounts only to a small percentage of the 
total observable increase in meter speed with tempera- 
ture. A very extended investigation of this phase of 
the problem was completed nearly two years ago by 
the author, and the method adopted for detecting 
changes in the gap with temperature was to insert a 
skeleton meter with magnet attached in an oil bath 
suitably controlled with heating and cooling coils. Any 
change in the gap was amplified by means of a scissors- 
arm arrangement and the motion was accurately meas- 
ured with a cathetometer. In order to get the effect of 
changes in the length of gap on the meter speed, the 
magnets were forced apart by means of a special clamp 
and the actual change in gap measured with an optical 
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device which reflected a beam of light on a scale at a 
distance. The principal conclusions derived from this 
work were as follows: 

1. All magnets tested showed a definite tendency to 
open their gapsunder temperature, so that the length of 
air gap was increased by amounts varying from 0.1 to 
0.35 per cent for a 60 degree (Centigrade) rise. This 
expansion is undoubtedly due to the relieving of internal 
strains and is partly dependent on the exact heat 
treatment to which the magnets have been previously 
subjected. 

2. The meter speed was affected by amounts ranging 
from 0.08 to 0.26 per cent by changes in the dimensions 
of the air gap due to 60 degrees (centigrade) rise in 
temperature. The maximum change noted accounts 
for less than 7 per cent of the total temperature error in 
the meter, and on the average the increase in the length 
of the air gap might be expected to account for approxi- 
mately 5 per cent of this error. 

As a result of this work, the factors causing tempera- 
ture errors may be further subdivided as follows: 

Class 1: 

1. Internal changes in permanent magnet steel. 

2. Change in length of air-gap of magnets. 

3. Change in permeability of magnetic circuits of the 
potential and current elements. 

4. Small change in magnitude of potential flux, due 
to shifting in phase of the magnetizing current (see 
vector diagram in Fig. 10). 

Class 2: 

1. Change in resistance of potential windings. 

2. Change in iron losses in potential element. 

3. Change in resistance of lag plate. 
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DISCUSSION OF CLASS 2 ERRORS 


From theoretical considerations, it may be shown 
that the predominant reason for Class 2 temperature 
errors in induction meters lies in the fact that the 
resistance of the potential windings. causes a phase 
displacement between the applied, or line, voltage and 
the induced voltage and that the value of this resistance 
is dependent upon temperature. 

Without reviewing the general theory, we may state 
that the torque is proportional to the product of the 
current and potential fluxes and the sine of the angle 
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between them. We have already shown (page 12) that 
the lag plate accounts for about 30 per cent of the Class 
2 temperature errors by virtue of its change in re- 
sistance; hence we shall now leave it out of the discus- 
sion. Since the power used to drive the disk is only 
about 0.1 per cent of the loss in the potential element, 
when discussing vector relations between the main 
fluxes and potential drops this small induced current 
may be entirely neglected. 

Considering the potential element, then, we may 
represent it by the simple equivalent circuit as shown in 
Fig. 104; the line voltage V is balanced ‘by the in- 
duced voltage H, and the I, 'r; drop in the windings. 
The exciting current I, may be divided into the usual 
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Potential Flux 
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A. Equivalent Circuit Diagram of Potential Element of Watthour 
Meter, Secondary Circuit Neglected. 

B. Vector Diagram of Watthour Meter Omitting Secondary (Lag 
Plate and Disk) Currents 


V = Line voltage = 110 


Tm, = Resistance of potential windings = 63 ohms 
£, = Induced voltage in potential windings = 109.8 volts 
Jo = Exciting current = 0.0982 ampere 


Ih = Power component of I; = gE, = 0.00437 ampere 
Im = Magnetizing component of Ip) = jb E; = 0.0981 ampere 


@ = Hysteretic angle = 2.55 deg. 
I = Line current 

¢E = Flux in potential element 
¢J = Flux in current element 


Cosine } = Line power factor = 0.50 
» = Angle of lag 


components E g and E,jb representing the power 
and magnetizing portions respectively. If we now 
draw the vector diagram for this circuit as shown in 
Fig. 10B, using the actual measured values of the vari- 
ous constants of an induction watthour meter, the 
relative importance of iron losses and ohmic resistance 
as they affect the phase relations is seen at a glance. 
The torque T may be expressed by the following 
equation as noted above: 

T © , >, sin A; 
or, Since ¢, ~ H, and ¢, o I, 

T' © E, I cos Ai. 
Now A: = \ + y, where cos ) is the line power factor 
and y is the angle between the line voltage and the 
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induced voltage. Therefore, to get a change in torque 
due to change in angle y, either 7; or J) must change. 

It is evident that the angle y is approximately directly 
proportional to the resistance ri, and, therefore, at low 
line power factors any change in r; means an appreciable 
change in torque. 

If, however, the iron losses are eliminated entirely, 
thus bringing I) in phase and equal to I,,, the magnitude 
of I, r1 remains practically unchanged with no resulting 
change in torque. This is not strictly true, because the 
theory of the meter assumes FE; to be proportional to V 
and a shifting of the angle of the vector I) 71 with vary- 
ing iron losses will result in a small variation in this 
proportionality. This variation affects Class 1 errors 
slightly and may be grouped with them. 

From the above discussion, it will be seen that if the — 
resistance r, be either held constant or reduced to a 
negligible value, the principal cause of Class 2 tempera- 
ture errors will be removed. In precision meters it is 
preferable to reduce the ohmic resistance by enlarging 
the winding space available in the potential element. 

As a matter of interest, we have been able to compen- 
sate exactly for change in resistance with temperature 
by embedding in the potential windings a carbon fila- - 
ment sealed ina glass tube. The negative temperature 
coefficient of the carbon serves to keep the total resist- 
ance of the circuit constant over quite wide ranges. 
From other considerations, however, this method has 
its limitations. 


In order to check the above analysis experimentally, 
an induction meter was tested without.a lag plate at 
50 per cent power factor. By starting with an addi- — 
tional resistance inserted in the potential circuit, it was 
possible to keep the total resistance constant as the 
meter was heated to 60 deg. cent. by gradually 
cutting out the former. It was found that the meter 
then had substantially the same characteristic speed- 
temperature curve as that shown in Fig. 1, thus indica- 
ting that change in resistance was entirely responsible 
for Class 2 errors. : 


DISCUSSION OF CLASS I ERRORS 


These errors are operative at all power factors and 
are the most important to be considered. They 
arise from causes that,-in general, cannot be removed 
and hence must be compensated for. In the great 
majority of cases, single phase meters are operated at 
power factors above 90 per cent; and, hence, if Class 1 
errors can be eliminated, a substantial advance in the 
art of accurate metering has been effected. 

In the case of two-element ployphase meters, one of . 
the elements is frequently operating at a quite low 
power factor; and Class 2 errorsare usually more prom- 
inent. In spite of this, Class 1 errors are still of greater 
importance and it is just as necessary that they be 
eliminated. 

A very satisfactory method of accomplishing this 
has been worked out and will be described in Part II. 
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Part II 


THERMALLOY, A TEMPERATURE-SENSITIVE 
MAGNETIC MATERIAL 


We have recently succeeded in developing a series of 
magnetic copper-nickel-iron alloys having low points of 
magnetic transformation combined with a linear 
temperature-permeability relation. The particular 
series of alloys that have been found satisfactory for our 
purposes have been given the distinguishing name of 
“Thermalloy” and a letter is used to designate the 
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Fie. 11—TEMPERATURE-PERMEABILITY CURVES FOR FIVE 


SAMPLES OF THERMALLOY H = 15 


exact composition in each case. At present chief use 
is made of two particular alloys belonging to this group 
which are designated as thermalloy A and thermalloy B. 
In Fig. 11 is shown a family of curves representing the 
relationship existing between permeability and tem- 
perature for samples of this material in a constant 
field of 15 gausses. 

In order to test these alloys for uniformity, a simple 
- device is made use of as illustrated in Fig. 12. A 


Fie. 12—Derviczr ror Controt Trsts oN THERMALLOY 


standard test piece, T, weighing five grams is suspended. 


by a permanent magnet, A, in a water bath which can 
be gradually heated by the small heater B. When the 
test piece has reached the temperature at which the 
_ magnet can no longer retain it due to the fact that it 
has become practically non-magnetic, it falls into the 
retaining basket, C. The temperature of the bath is 
read by a thermometer and this gives a value that is 
proportional to the point of magnetic transformation 
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of the material under test. Although this reading is 
somewhat below the true transformation point, when 
the test piece falls from the magnet its permeability is 
very low indeed and for most purposes can be considered 
non-magnetic at that particular temperature, which 
we shall term its release point. 

In obtaining release points we usually make use of a 
sample 5/32 inch in thickness, and it has been found 
from experiment that there is practically no difference 
in results if samples varying from 1/16 in. to %@ in. are 
used. This simple test, therefore, gives a very ready 
means of comparing different melts of the same material 
and also of obtaining the relationship existing between 
apparent point of transformation and _ percentage 
composition of the alloy. 

By referring to the premeability-temperature curves 
in Fig. 11 it will be noted that the permeability 
rapidly decreases at a nearly constant rate until it 
approaches that of air when its rate of decrease dimin- 
ishes. These curves were taken on cast rings of therm- 
alloy, which were carefully machined to size. They 
were wound with 100 turns secondary and about 500 
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oF THERMALLOY 


turns primary so that a minimum heating would result 
from the magnetizing current. An ordinary ballistic 
test was employed, but the samples were placed in a 
tank of oil the temperature of which could be suitably 
controlled. Base metal thermo-couples were utilized 
to obtain the exact temperature of each sample, the 
hot junction of the couple being inserted beneath the 
insulation on the ring. It might be noted at this time 
that the so-called “release point” as measured by our 
testing device agrees very well with the temperature at 
which these curves appear to reach the permeability of 
air. For example, Curve A is taken on a material that 
has a release point varying from 92 to 98 deg. cent., 
whereas the curve indicates approximately 100 deg. cent. 

Fig. 13 shows release points plotted against per 
cent copper, and it is interesting to note that the re- 
lationship is practically linear. Small irregularities in 
the case of some of the samples are probably due to 
slight variations in the pouring temperatures and cool- 
ing rates. The samples were melted in an Ajax high 
frequency induction furnace, poured, and allowed to 
cool in sand moulds. Alloys of this nature vary mark- 
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edly in magnetic properties with composition and heat 
treatment,‘ hence conditions must be carefully 
controlled in order to produce uniform results. Gans 
and Fonseca® have published an interesting article 
showing how the point of transformation from a ferro- 
magnetic to para-magnetic state in pure copper-nickel 
alloys varies with the composition. The values of 
transformation points obtained by them check those 
shown in Fig. 13 very closely, although they worked 
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‘with pure nickel. This close agreement is probably 
largely accidental, however, because methods of test 
differ widely and they do not specify heat treatment 
which is very important. These investigators found a 
linear relation which checks our results, but so far as 
we have been able to learn no one has investigated the 
character of permeability-temperature curves below 
the transformation point for these alloys. 
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Temperature = 25 deg. cent. 


Thermalloy A contains approximately: 

Cu 30.0 per cent 

Ni 66.5 per cent 

Fe 2.2 per cent 

Impurities 1.3 per cent 
One effect of adding iron to the alloy is to raise the 
4. Nickelandits Alloys—Bureau of Standards Circular, No. 100. 


5. Die Magnetischen Eigenschaften von Nickel-Kupfer Legier- 
ungen—Ann. Physik, 61, p.742. 
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point of magnetic transformation. The addition of 
2.3 per cent of iron to an alloy of 70 per cent pure 
nickel and 30 per cent electrolytic copper raised the 
release point about 45 deg. cent. Since most com- 
mercial nickels contain some iron we simply add suf- 
ficient additional to bring the total percentage up to 
the desired value. Among other advantages it is 
possible to obtain the required results at a much lower 
cost in this manner. 


Heat treatment of thermalloy has important effects 
on its magnetic properties. Grade A, for instance, 
gives an average reading of 95 deg. cent. as its release 
point in our test when cooled slowly in a sand mould; 
if it is cast in graphite moulds it is practically non- 
magnetic at 20 deg. cent. The same metal when cast 
in a mould of zerconium silicate released at 60 deg. cent. 
The castings in both of these cases were one-half inch 
square and seven inches in length. In the case of the 
bar having the 60 deg. release point heating for two 
hours at 700 deg. cent. and cooling in air raised this 
point to 98 deg. A sample having a release point of 
95 degrees was heated to 900 deg. and quenched in 


cold water. This treatment lowered its release point to 
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75 deg. It will be seen, therefore, that in order to 
obtain uniformity in results it is necessary to carefully 
control the conditions under which the alloys are 
made. 

The heating and cooling premeability-temperature 
curves are practically identical for thermalloy, pro- 
viding it is held at any, one temperature for a sufficient 
length of time to reach equilibrium. This is on account 
of the extremely small hysteresis loss in this material. 
In Fig. 14 are shown the points obtained on a hysteresis 
loop taken at a maximum magnetizing force of 100 H, 
which serves to bring it well past the knee of the normal 
induction curve. Within the limits of accuracy of the 
apparatus used in obtaining these data very little loss 
can be detected. Another unusual characteristic 
is that the retentivity is only about 8 per cent of the 
maximum induction so that with an air gap in the mag- 
netic circuit the remanence should be inappreciable. 


Of course, the permeability of these alloys is quite 
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low as indicated by the normal induction curves in 
Fig. 15. For certain applications, however, high 
permeability is not essential or even desirable as is the 
case with the one herein described. The specific 
resistance of thermalloy A is about 49 michroms per 
centimeter cube. 


The chemical composition of thermalloy A is similar 
to that of monel metal but by referring to Fig. 16 it will 
be seen that the characteristic permeability-tempera- 
ture curve is very much different. The permeability 


of monel falls off very rapidly as the point of trans- 


formation is approached, as is the case with iron and 
other ferro-magnetic materials. It is believed that 
this sudden decrease in permeability on approaching 
the point of magnetic transformation is a characteristic 
of nickel-copper alloys in which the two metals form a 
homogeneous mixture. 

The Heusler alloys® are similar from a metallurgical 
point of view to the alloys just discussed since both are 
solid solutions with copper as the solvent. Also the 
Heusler alloys have low points of magnetic trans- 
formation and increasing the copper content lowers 
this critical point. In general, they are more difficult 
to work with, both in regard to casting and machining, 
than the copper-nickel series. 

From the foregoing it will be seen that we now have 
available an almost perfect means of compensating for 
variations in watthour meter speed with temperature. 


Fic. 17—Scuematic DiaGramM oF MaGNet COMPENSATION 


Wits THERMALLOY 


Fig. 17 shows a magnetic shunt made of thermalloy 
inserted between the control magnets, of a watthour 
meter. In this arrangement two single magnets are 
paired together and the polarity is such that there is a 
small amount of flux circulating around the path 
a, b, c, d. We may think of this part of the flux as 
being shunted from the main path across the gaps and 
it is increased by the insertion of the small bridge, S, of 
thermalloy, which may be termed a magnetic shunt. 
With an increase of temperature the total flux of a mag- 
net decreases as has previously been described, whereas 
in order to effect a compensation for. Class 1 errors it is 
necessary that the total damping flux actually increase 
somewhat. In the device shown in Fig. 17, this 
condition does exist because as the temperature rises, 
the permeability of the magnetic shunt decreases 
linearly and a larger percentage of the total flux 


6. Verhandlungen der Physikalischen Gesellschaft, 5, p. 219; 
1903. 
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crosses the air gaps, A.A. By selecting a shunt of the 
correct dimensions this effect will exactly compensate 
for the overall temperature error of the meter. 


An average speed-temperature curve for a watthour 
meter has been shown in Fig. 1. It will be seen that the 
rate of decrease of meter speed with temperature 
increases rather rapidly just below room temperature, 
whereas the rate of increase in permeability of ther- 
malloy A below room temperature has a tenden¢y to 
decrease. This would result in under-compensation at 
low temperatures, and in order to overcome this dif- 
ficulty we have made use of a compound magnetic 
shunt; that is, we insert a piece of thermalloy B in 
parallel with the first. This has a release point of 
15 deg. cent. and hence is non-magnetic at ordinary 
room temperatures. As the temperature falls, however, 
it serves to correct the under compensation as above 
noted due to its increasing permeability, thus giving 
results that are correct at very low temperatures. The 
cross sections of these two shunts are so adjusted that 
the meter runs at correct speed at —14 deg., +25 deg. 
and 55 deg. cent., and the compensation holds good 
over considerably larger ranges. 


In order to determine whether uniform compensation 
could be effected by this means, hundreds of magnets 
were built up and tested on stock meters, and Table I 
shows the results obtained on a typical group of 20 
magnets. The maximum error due to temperature at 
unity power factor was 0.4 per cent for a 30 deg. cent. 
rise. The chief reason exact compensation cannot be 
effected on a large scale is that individual magnets 
vary somewhat in temperature coefficient, but the 
variation is small and for practical purposes can be 
neglected. Table II shows the results of similar tests 
on a group of uncompensated magnets. It will be 
noted that variations occur between magnets of the 
same order as is present in Table I. 


TABLE I. 
Temperature Errors at Unity Power Factor Using Compensated Magnets 


| Per Cent Change in Per Cent Changein | 
; | Meter Speed, 25 deg. | Meter Speed, 25 deg. 
; Magnet ) to 55 deg. Cent. to —14 deg. Cent. 
A | —0.02 —0.07 
B —0.07 +0.2 
| ‘ 0.0 —0.2 
D 40.1 +0.12 
E —0.05 +0.24 
F +0.1 —0.03 
G —0.07 +0.09 
AH —0.02 +0 .34 
L +0.15 +0.25 
J +0.07 +0.3 
K +0 .07 +0 .35 
L ee i ee en 
M +0.1 +0.17 
: N Erbe eee } Eee 
; (0) +0.23 —0.07 
: P 40.2 —0.19 
; Q 40.22 —0.23 
R +0.09 +0. 22 
Ss $0.45." fo oe Dt ocaae 
» se —0.07 —0.07 
Average +0.11 10.08 
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TABLE II. 
Temperature Errors at Unity Power Factor Using Uncompensated Magnets 


Per Cent Change in | 
Meter Speed, 25 deg. 


Per Cent Change in 
Meter Speed, 25 deg. 


Magnet to 55 deg. Cent. to —14 deg. Cent. 
1 +2.6 =3'..0 
2 +2.23 —3.07 
3 +2.4 —3.3 
4 +2.1 —3.06 
Average | +2.3 —3.1 
CONCLUSIONS 


Temperature errors in induction watthour meters 
can be divided into two general classes,—1. Those 
affecting the magnitude of the driving flux or brak- 
ing flux, 2. Those affecting the phase relation be- 
tween the line voltage and induced voltage in the 
potential element. 

The permanent magnets used for braking are re- 
sponsible for the greater portion of the errors under 
Class 1, and this being due to a natural characteristic of 
magnet steel cannot be eliminated. 

Ordinarily, Class 2 errors are not of great importance, 
but they can be reduced by proper design of the po- 
tential element. They are caused almost entirely by 
changes in resistance of the potential windings and lag 
plate. 

Class 1 errors may be neutralized by a single compen- 
sation, consisting of a device whereby a small portion 
of the flux is shunted through a special alloy—(therm- 
alloy)—the permeability of which is very sensitive to 
temperature. 

Induction watthour meters compensated with therm- 
alloy magnetic shunts, even without any further 
modifications, are practically independent of tempera- 
ture changes over very wide ranges providing the power 
factor is reasonably high. By suitable modifications, 
the compensation may be made independent of power 
factor. 

The application of compensated magnets to meters 
on a production basis gives a reasonable degree of 
uniformity in results, and very rarely will errors as high 
as 0.018 per cent per deg. cent. rise be encountered. 

This method of compensation has the distinct ad- 
vantage of being independent of any necessary adjust- 
ment of the meter, and is extremely simple and positive 
in its action. 

By preparing certain copper-nickel-iron alloys in the 
form of castings suitably heat treated, a linear relation- 
ship is obtained between permeability and temperature. 
By controlling the copper content the point of trans- 
formation of these alloys may be made to occur at 
almost any desired temperature below that of pure nickel. 

The hysteresis loss of thermalloy is extremely low; 
hence the heating and cooling curves in a constant field 
are practically identical, although there is a small time 
lag before the meta! reaches equilibrium at any one 
temperature. : 

It is believed that some of the characteristics of these 
alloys, such as perfectly reversible straight line perme- 
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ability-temperature relationship, combined with neg- 
ligible hysteresis, has escaped previous notice and that 
they are an important contribution to engineering 
materials. ‘ 

It is probable that the linear temperature- 
permeability relationship of thermalloy is due to the 
non-homogeneous manner in which the copper is held in 
solution, which gives the effect of the summation of a 
large number of alloys, each having a different trans- 
formation point. 

In addition to temperature compensation, thermalloy 
may be used for a variety of purposes one of which is a 
direct reading low temperature thermometer as de- 
scribed in the appendix. 


Appendix 
DESCRIPTION OF MAGNETIC THERMOMETER UTILIZING 
TTHERMALLOY 


The approximately linear temperature-permeability 
relation of thermalloy may be utilized in the con- 
struction of magnetic temperature indicators. An 
instrument of this type is shown in Fig. 18. In this 
figure, A -A. is a vane made of thermalloy and B -B. is 
a vane made of iron or of some other magnetic material 
having a low temperature-permeability coefficient. 
It is evident that the armature will take up a position 
in which the sum of the magnetic moments acting 
on A.-A. is equal and opposite to the sum of the 


Fie. 18—Dr1acram or Maanetic THERMOMETER 

magnetic moments acting on B-B. This position will 
vary with a variation in temperature as the moments on > 
A -A. vary with its change in permeability. The upper 
limit of the scale is reached when the temperature is 
equal to the magnetic transformation temperature of 
the thermalloy. The lower limit is not sharply defined, 
as this would require either that the thermalloy reach a 
value of permeability compared with which that of the 
iron would be neglibible, or that the temperature- 
permeability coefficient of the thermalloy would have 
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to become equal to that of the iron. However, with 
the instrument shown in Fig. 18 the congested region 
extends over only a small part of the scale. 

It is also possible to construct magnetic thermometers 
using a thermalloy vane or an iron vane in a magnetic 
field acting against the torque ofa hairspring. In the 
case of the iron vane instrument, variation of torque 
with temperature is obtained by means of a thermalloy 
shunt in parallel with the air-gap in which the iron vane 
is placed. 


Discussion 


H. B. Brooks: The paper by Kinnard and Faus is important 
and valuable, not only for its definite data and clear reasoning, 
but also because it is a tangible indication of the interest which 
is being taken in the question of the accuracy of metering. This 
interest reveals itself in many ways; for example, in the increasing 
attention which is being given to the ratio and phase-angle per- 
formance of instrument transformers. Among reasons for this 
interest may be mentioned the greater attention which must be 
given to plant operation, because of higher costs of fuel and other 
essential supplies; the growing tendency toward interconnection, 
with the consequent need of accurately measuring interchanged 
energy; and the necessity for accurate electrical measurements 
in acceptance tests of turbo-generator units, where an error of a 
fraction of one per cent may mean an error of thousands of 
dollars in penalty or bonus. Such tests must necessarily 
extend over a period of hours, and the load cannot be kept 
as constant as might be done with small machines in the labora- 
tory. It is only natural, therefore, that those having to make 
such tests should turn to the watthour meter as a means of 
measuring the energy and hence the electrical power output. 
However, from information which has come to us, it appears 
that such use of watthour meters does not give results as con- 
sistent as can be had by the use of indicating wattmeters read at 
sufficiently frequent intervals. Nevertheless, the large amount 
of labor required for the latter procedure makes it desirable to 
bring up the performance of the watthour meter, if possible, to 
such a stage that it will be good enough for plant acceptance 
tests. The work done by Kinnard and Faus is an important step 
in this direction, and I hope they will continue their analysis 
of sources of meter errors and means for overcoming them. 

There is an astonishing lack of accurate information on 
temperature errors in watthour meters. Published papers exist, 
but they either relate to meters of obsolete types, or lack neces- 
sary data. For example, one paper on temperature errors of 
American watthour meters leaves it to be inferred that the 
meters were of the alternating-current type, and while giving 
many curves of performance, fail to state the power factor of the 
loads. Text books also are often at fault; for example, an 
English book published in 1923 states that “In an induction 
meter both the operating and the braking torques are developed 
by the medium of eddy currents, often in the self-same disk, 
so that temperature effects cancel out completely.” Similar 
inaccurate and superficial statements may be found in some other 
reputable treatises on meters. 

Taking up the paper in detail, I would first inquire why a watt- 
hour meter was used as a standard by which to determine the 
performance of the meter under examination. Even though this 
standard meter was kept at room temperature, it seems probable 
that errors resulting from self heating and consequent tempera- 
ture inequalities. within the standard meter might affect the 
observed results undesirably, and that a wattmeter would have 
been preferable. 

Referring to the tests at unity power factor with the lag plate 
removed, I would suggest that by replacing the lag plate with a 
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lag coil of similar form, closed through an adjustable external 
rheostat, the effect of change of resistance could be readily 
determined. 

A comparison of Fig. 6, Curve C, with Fig. 7, Curve C, shows 
that the high temperature coefficient of the copper lag plate is 
responsible for a fair share of the Class 2 error in this particular 
type of meter, and suggests the use of some material of lower 
temperature coefficient. 

It is gratifying to have a definite answer, such as the authors 
give us, in regard to the idea that the length of the gap of meter 
magnets varies with temperature. The value given for the 
temperature coefficient of the gap flux presumably refers to the 
kind of steel in regular use at this time. Fitch and Huber, at 
the Bureau of Standards, found values ranging from — 0.0001 
to — 0.0003 per deg. cent., with a mean value of — 0.0002. At 
the time this work was done (1913) tungsten steel was used, as 
far as we were aware. 

I think the authors are to be congratulated on their neat and 
simple solution of the matter of Class 1 errors, especially in view 
of the peculiar form of Curve A, Fig. 1, which they take care of 
by using two bridge pieces of different grades of thermalloy in 
parallel. 

The statement that Class 2 errors are more prominent in 
two-element polyphase meters is evidently made with the idea 
that such meters usually measure loads of power factors less 
than unity, for on the usual assumption of a balanced three- 
phase load a polyphase meter working under a given phase-angle 
error (alike in the two elements) measures the total load on it 
with exactly the same error as would occur in measuring the load 
with an otherwise identical single-phase meter with the same 
phase-angle error. In other words, with balanced loads we do 
not need to reason differently concerning polyphase meters and 
single-phase meters as regards either Class 1 or Class 2 errors. 


The next step is evidently to get rid of Class 2 errors, and if 
possible in a manner as simple and elegant as the one given in 
the paper for Class 1 errors. I wish to mention a method which 
has occurred to me recently, which has apparently been shown 
to be sound in principle by a simple experiment. According to 
Schmiedel, the flux 1 from the current electromagnet lags be- 
hind the current J (see Fig. 108) by a small angle, which we may 
call y, and which for simplicity the authors of the paper have 
not considered; the effect of this angle is that the lag plate must 
be adjusted to lag the voltage flux ez by an angle 6 which is not 
equal to W but to y + y, at standard temperature. When the 
temperature increases, Y increases while 6 decreases, so that the 
compensation is no longer correct. In this lies the entire reason 
for Class 2 errors. I propose that we put a lag coil on the current 
electromagnet, thus lagging its flux #1 by an additional angle 
which may be called 8. Hence at standard temperature we 
must now adjust 6 to be equal to y + y + 8, in order that the . 
meter may be correctly lagged. Let us give the lag coil on the 
current electromagnet a high tempezature coefficient, for example 
by closing it through a resistor of very pure iron wire, and also 
give the lag coil on the voltage electromagnet a suitably low 
temperature coefficient. We may thus make the small angle 
8 decrease with temperature at a sufficiently rapid rate to com- 
pensate for the increase in y and the decrease in 3; in other words, 
to maintain the relation 

s=p~yt+r7y+B 
at all temperatures, and thus eliminate Class 2 errors. It 
is obvious that 8 must also compensate for any change of y, 
concerning which at present no numerical data seem to be 
available. It is of interest to note that the iron-wire resistor 
for the current lag coil may be embedded, wholly or in part, in 
the voltage winding, in order to respond to changes in tempera- 
ture of the latter, just as the authors of the paper did with their 
carbon filament. 


In making this suggestion, I realize that we cannot lose sight 
of the variables other than temperature to which a meter is 
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exposed, such as variations of voltage, frequency, and wave 
form, and if my proposal for eliminating Class 2 errors should 
lead to an unavoidable increase in the errors from these causes, 
another and unobjectionable solution must be found. The sug- 
gestion is offered for what it is worth, in the hope that it may 
assist in the eventual solution of the problem of temperature 
compensation of watthour meters. 

J. R. Craighead: With respect to Mr. Kinnard’s paper, 
there is only one point I should like to eall attention to. Under 
Conclusions, he has a conclusion referring to driving torque 
and damping torque as being only one side of the thing which 
may cause the watthour meter to go wrong. It seems to me that 
if the driving torque and the damping torque, in the broad sense, 
are both correct, you have a correct watthour meter. In other 
words, errors in driving torque or damping torque constitute the 
whole error. I would suggest that he use the word ‘‘flux’”’ per- 
haps instead of ‘‘torque’’ in that place as expressing more 
accurately what he means. 

F. B. Magalhaes: I wish to place on record a statement 
which is not intended to be complimentary on a personal basis to 
the authors but which would be made quite impersonally to any 
one presenting the same development. Progress in any field can 
be considered as going forward by more or less slow steps, and 
after a step forward has been taken there is a consequent search 
or analysis made on that step, to develop all of the possibilities 
that may be obtained from the single step forward. 

The authors of this paper in using the methods which they 
have described have introduced a new means for correcting 
certain errors that have to the present time been considered more 
or less accepted or inherent in the design of a watthour meter. 
Without any doubt, this step forward will therefore be followed 
by a considerable amount of lateral or parallel research to 
develop all the possibilities that the step forward may offer. On 
this basis, it should be recorded that the idea of using a small 
piece of alloy near the jaws of the miagnet as an automatic means 
for correcting the temperature errors that have heretofore had 
to be accepted, is distinctly to be commended as an important 
step forward. 

One specific question I would like to ask is in reference to the 
permanence of the alloys which they have used. They have 
outlined in some detail the necessity of watching carefully the 
mixture of the alloy and their heat treatment. It leaves, 
therefore, a question in the reader’s mind, I believe, as to the 
ultimate permanency of the alloy. The results that have been 
obtained ean be seen on the curves. However, the permanent 
value of the results that have been obtained will be based largely 
on the permanence of the correction that has been made. If the 
alloy is not a stable alloy and may change with the passing of 
time or under temperature conditions that may be encountered 
in the field, it will detract very greatly from the value of the 
results obtained. It would be interesting to know, therefore, 
what results the authors may haye to establish this point of 
permanence. 

Joseph Slepian: There are just a few consequences of the 
phenomenon that Messrs. Kinnard and Faus use that I think 
will be interesting. 

Some time ago there was a patent issued to Thomas A. Edison 
disclosing the rather ambitious project of making a heat engine 
using this very phenomenon. Edison proposed to allow a large 
mass of iron to be pulled into a magnetic field, there to be heated 
until it became non-magnetic, and then to be released, thus 
getting work at the expense of heat energy. 

The fact that it is possible to get work out of this phenomenon 
at the expense of heat makes it possible to apply the principles 
of thermodynamies and get relations connecting the properties 
of these materials. 

One need only apply the first and second laws of thermo- 
dynamics. It will necessarily follow that a piece of magnetic 
material having a temperature coefficient must change its 
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temperature as it moves from a weak field into a strong field. 
That is, its specific heat must change. I believe it will have to 
rise in temperature as it moves into a strong field and fall in 
temperature as it moves into a weak field. 

I would like to ask Messrs. Kinnard and Faus just what are 
the special merits of the alloys which they have chosen. There 
are, of course, many alloys that have transition points at tem- 
peratures in the ordinary range. Some of them have been known 
for along time. Those of most interest were the Heusler alloys 
which contain no elements which are ordinarily magnetic, and 
the question occurs to me as to whether these other materials 
are wholly unusable, or whether it is simply some point of re- 
finement that causes one to use these particular alloys rather 
than the others that are known. 

W. H. Pratt: The method of correcting for Class 1 errors is 
peculiarly direct and effective. It corrects the errors where 
they occur and when they occur. I mean by this that the ther- 
malloy shunt is in such intimate contact with the controlling 
magnets that it partakes uniformly of the temperature changes 
of the latter, and on account of the absence of hysteresis renders 
the correction particularly effective. 

The course suggested for minimizing Class 2 errors is also 
direetly aimed at securing excellent results, for by the reduction 
of the resistance of the potential coils not only is the desired 
result obtained, but it is a change that is in the right direction 
to improve still further the behavior of the meter in regard to 
frequency and wave-form errors. 

I think this last remark has a bearing on some points that 
Mr. Brooks raised in his discussion. The arrangement that 
he proposed for compensating for phase displacement is such 
as to expose the windings to the rather extreme changes of 
temperature which comes from the current coils. The coils 
which he suggested would be naturally exposed to these rather 
extreme changes, and it would not accomplish that further 
refinement of the meter that is accomplished by a reduction in 
resistance. - 


C. M. Jansky (by letter): This paper is of considerable 
scientific and practical importance as it is the best analysis of 
the influence of temperature that I havé seen. There is no men- 
tion made, however, of the study of this problem that was made 
at the University of Wisconsin several years ago by Mr. B. E. 
Miller. The results of his investigations of the effect of tem- 
perature on the registration of watthour meters at 10, 50, 100 
and 150 per cent loads were published in the September 18, 1915 
issue of the Electrical World. Mr. Miller’s results show that the 
error is not the same with increasing as with decreasing tem- 
peratures. The per cent of registration when plotted against 
temperature gave a decided ‘hysteretic’ loop. Messrs. Kin- 
nard and Faus do not refer to this paper, but if they have seen it 
I would be pleased to have their explanation of this difference 
in the accuracy with increasing and decreasing temperatures. 

I. F. Kinnard: In Dr. Brooks’ discussion, he asked why we 
made use of a watthour meter rather than a wattmeter in ob- 
taining our readings. We believe a watthour meter may 
be advantageously used as a standard, in order to study the 
effects of varying temperatures on another watthour meter if 
care is taken to insure that the standard watthour meter is kept 
at a constant ambient temperature, and if, before readings are 
made, it is allowed to run a sufficient length of time to reach its 
maximum self-heating value. Very accurate results are obtain- 
able, with a minimum of trouble due to other possible varia- 
tions such as frequency. 


In connection with the point raised in regard to studying the 


effeets of changes in temperature of the lag plate by the use of 


a lag coil with an external resistance, this can undoubtedly be 
done and should give interesting information, although for our 
particular purposes we did not consider it necessary. We do 
not feel that the lag plate causes temperature errors of sufficient 
magnitude to eall for the use of brass or manganin as the situa- 
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tion now stands. It has been pointed out, however, in the paper 
that for certain applications Class 2 errors can and should be 
eliminated, or at least reduced by modifications of the potential 
element. When this is done the copper lag plate will undoubt- 
edly be dispensed with. 

It is true, as pointed out by Dr. Brooks, that the same reason- 
ing applies to polyphase meters as discussed for single-phase. 
Class 2 errors are, however, of more importance in the polyphase 
meter due to the fact that the line power factor is frequently 
quite low. This ean be fairly satisfactorily taken care of by 
using but one compensated and one uncompensated magnet on a 
two-element meter. As I previously stated (and it has been 
brought out in the discussion), the better way is tu eliminate 
Class 2 errors by reducing resistance of the potential winding. 

Mr. Magalhaes raises the question of the permanency of 
thermalloy used as a magnetic shunt. I wish to say that we 
have had magnets compensated in this manner under observation 
for over a year and a half and no aging effects of any magnitude 
have been observed. 

We might also bring to your attention the fact that eopper- 
nickel alloys have been continuously used for a large number of 
years in connection with resistance materials, Monel metal and 
other applications, and it is known to be a stable combination. 

Mr. Crgighead points out a statement in the first part of the 
conclusions that might be open to some question, and I believe 
his point is well taken. JI meant to refer to the driving flux in 
classifying the errors that do not depend upon power factor. 

Dr. Slepian points out a very interesting fact, that there are 
other alloys such as the Heusler alloys, which probably have 
some characteristics similar to those we have described for the 
copper-nickel series. As a matter of fact, we have mentioned 
in the paper that the Heusler alloys have a possible application 
in this connection, although we believe the copper-nickel series 
ean be better controlled, has a somewhat higher permeability, 
and is easier to machine, outside of the fact that it is of lower cost. 

Prof. Jansky asked whether or not there is a hysteresis lag in 
the heating and cooling curves of a watthour meter. We have 
not observed any such effect, in the large number of tests made 
with these meters, although there is a distinct time lag. That is, 
if a watthour meter is held at any one temperature for a sufficient 
length of time to reach equilibrium, its cooling curve will be 
identical with its heating curve. 

C. H. Ingalls: For the past twelve years, the Meter Division 
of the Boston Edison Company has corrected for the temperature 
errors of its portable test meters through thermometers per- 
manently installed in the meters. 
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how the accuracy of an uncompensated meter may be affected by 
certain abnormal temperature conditions. 

Two testers were working in the same locality, one of whom 
went to work directly from home, the other starting from the 
office. The former kept his test meter in his automobile over 
night, while the latter’s meter was stored in a warm place. This 
resulted in a difference in temperature of 20 deg. cent. between 
the two meters at the start of the day’s work, corresponding to a 
difference in the corrections to be applied to the test meters of 
nearly two per cent. Subsequent tests proved that the ther- 
mometers and the applied corrections were correct. It is par- 
ticularly gratifying that such a simple and positive means of 
correction for temperature errors can be applied to test meters. 
The correction of temperature errors at low power factors is not 
quite as important as the correction at unity power factor, be- 
cause, with comparatively few exceptions, watthour meters are 
tested on the system only at unity power factor. 

A. E. Knowlton: It might be well to mention that reference 
to the temperature errors of watthour metersin this paper gives 
no occasion to the multitude of users of electric service to be 
disturbed about the situation. I think it is fairly safe to say 
that they are having that service metered to them with a degree of 
accuracy not matched by any other commodity service, whether 
sold by the pound, by the cubic foot or by count. Weare dealing 
here with the minutiae and any layman who chances to read 
papers of this kind has no reason to be disturbed by our activities 
in improving electric metering. 

I. F. Kinnard: The point brought out by Mr. Ingalls serves 
to illustrate how a simple and reliable temperature compensation, 
such as described in this paper, will aid in obtaining precision 
results in the calibration of watthour meters. As he has in- 
dicated, it was hitherto necessary to be sure that test meters were 
not at abnormally high or low temperatures before using them, in 
order to obtain the best results: The automatic compensating 
shunt, however, insures a constant performance over very wide 
temperature ranges and makes it entirely unnecessary to use 
thermometers. 

As Mr.: Knowlton has intimated, the fact that a distinet re- 
finement has been made in the art of watthour-meter manufac- 
ture should not in the least shake our confidence in existing 
meters. If the paper be read carefully it will be seen that errors 
or variations due to temperature are inherently small in this 
class of apparatus. It is, however, a distinct advantage to be 
able to state that temperature will in no way affect the results 
obtained irrespective of any extreme conditions of use, and it is 
to that end we are working. 
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Synopsis.—Experiments have been in progress at the Bureau of 
Standards to determine quantitatively the effect produced by a 
wide variety of impurities on the rate of sulphation of storage 
battery plates. The method for making the determinations involves 
measuring the changing weight of the plates suspended in the 
solution. The various impurities are classified according as they 


INTRODUCTION 


HE satisfactory operation of a storage battery is 
als in a large measure dependent upon the physical 

and chemical properties of the electrolyte which 
it contains. Within recent years storage batteries 
have come to be used under widely varying conditions 
of service, and millions of them annually pass into the 
hands of people who have no technical knowledge of 
their construction or adequate information with 
regard to the care which they should receive. Some of 
them are used at extremely low temperatures in air- 
planes and signal service while others are subjected to 
abnormally high temperatures in the tropics. Con- 
sidering the diversity of the service which they have to 
perform, it is increasingly important that the physical 
and chemical properties of the electrolyte should receive 
more extended study. 

For a number of months experiments have been in 
progress at the Bureau of Standards to determine quan- 
titatively the effect produced by various impurities 
on the rate of sulphation of storage battery plates. 
The method which involves a determination of the 
weight of the plates while suspended in solution has 
been described in a previous publication.! 

The results of experiments on a few of the impurities 
have been previously published in the JOURNAL of the 
American Institute of Electrical Engineers.? 


TABLE I 


ACCURACY OF MEASUREMENTS ON NEGATIVE PLATES 
(Average of 14 experiments, pure electrolytes, 1.250 sp. gr. 25 deg. cent.) 


Probable Error 


Average Gain Probable Error of Single 
Time in Weight of Average Value Observation 

(hours) (grams) (grams) (grams) 
50 0.69 0.03 0.15 
100 1.44 0.06 0.24 
200 2.68 0.09 0.33 
300 3.81 0.13 0.41 
400 5.03 0.16 0.50 
500 6.08 eel 0.60 


*Approved by the Director of the Bureau of Standards. 

{Both of The U. S. Bureau of Standards 

1. Vinal and Ritchie. A new method for determining the 
rate of sulphation of storage battery plates. Bureau of Stand- 
ards Technologic Paper No. 225 (1922). 

2. Vinal and Altrup. The Effect of Certain Impurities in 
Storage Battery Electrolytes. Transactions A.I.E.E., Vol. 43, 
p. 709, 1924. 

_ Presented at the Midwinter Convention of the A. I. E. E., 
New York, N. Y., February 9-12, 1926. 
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affect the negative plates, the positive plates or both. A discussion 
is given also of certacn combinations of impurities. Sodium and 
magnesium sulphates which are sometimes added to the electrolyte 
to “improve” the behavior of the battery are without effect on the 
rate of sulphation. It is important that some generally recognized 
specifications for storage battery electrolytes should be established. 


In the present paper the results of experiments cover- 
ing a wide range of impurities are given. The tables 
that follow give the quantitative relation between the 
amount of the various impurities which were added to 
the pure electrolyte 1.250 specific gravity, and the 
effects produced as judged by the change in weight of 
the plates. 


ACCURACY OF MEASUREMENTS 


In the course of the experiments a number of deter- 
minations have been made of the rate of sulphation of 
storage battery plates in pure electrolytes having a 
specific gravity of 1.250 at 25 deg. cent. These may be 
considered as control experiments by which the effects 
produced by the impurities are to be judged. One con- 
trol experiment was made with each group of five 
measurements. An analysis of these permits the com- 
putation of the probable error of the average value 
and the probable error of a single observation. 


It is important to establish the range of the probable 
error in these computations. There are a number of - 
impurities which produce little or no effect, and any 
definite statement that they do or do not produce an 
effect must be based upon a comparison with the normal 
values for plates in pure solutions to within the limits 
of the probable error. 

Table I, for negative plates, and Table II, for posi- 
tive plates, give the average gain in weight in pure elec- 
trolyte for these plates together with the probable 
error. In . classifying the impurities according to 
the effects produced, the average value of the control 
experiments is given for comparison, except in Table 
VII where the measurements all belong to one group. 
For these, the value of the control experiment of this 
group is given. 


IMPURITIES AFFECTING THE NEGATIVE PLATES ONLY 


The impurities which affect the negative plates only 
(Table III) may be divided into two classes: 


a. Impurities which are deposited quickly in the 
metallic state upon the negative plates and produce 
appreciable gassing. These include platinum, copper 
and silver. A closed circuit exists between the under- 
lying lead of the plate and the impurity which is 
deposited upon it. Lead sulphate is formed in propor- 
tion to the quantity of electricity flowing and the plate 
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gains in weight. Hydrogen is liberated at the surface 
of the impurity. The local action produced by these 
impurities proceeds at a fairly rapid rate until the 
ultimate capacity of the plate is exhausted. A con- 
_ siderable part of silver and copper, which was deposited 
on the plates as a spongy or tree-like mass, subsequently 
fell off so that the gain in weight of the plates represents 
chiefly lead sulphate. These impurities cannot be 
eliminated by changing the electrolyte in the battery, 
but their effect may in some cases be mitigated as Gil- 
lette? has shown. The results which are given in Table 
III show that platinum is one of the most deleterious 
of impurities. Extremely small amounts are sufficient 
to produce rapid sulphation of the plates. Copper 
produces less effect. These results have been ab- 
stracted from the previous paper by Vinal and Altrup, 
and in the case of copper a correction has been made for 
a misplacedzdecimal point in the former publication. 


TABLE II 
ACCURACY OF MEASUREMENTS ON POSITIVE PLATES 
(Average of 17 experiments, pure electrolytes, 1.250 sp. gr., 25 deg. cent.) 


Probable Error 


Average Gain Probable Error of Single 
Time in Weight of Average Value Observation 

(hours) (grams) (grams) (grams) 
50 0.34 0.03 0.12 
100 0.51 0.04 0.17 
200 0.66 0.06 0.22 
300 0.86 0.08 0.30 
400 1.05 0.10 0.35 
500 iL als: 0.10 0.32 

TABLE III 


LOCAL ACTION PRODUCED BY IMPURITIES AFFECTING 
ONLY THE NAGATIVE PLATES 


(Results are expressed as the gain in weight of a single plate in grams, 
at intervals from 50 to 500 hours) 


Per- Time in Hours 
Material | centage 
Impurity Added {|Impurity| 50 100 | 200 | 300 | 400 | 500 
(Control 

None experiments) By 0.69} 1.44) 2.68) 3.87} 5.03].6.08 
Platinum PtCh 0.00001] 0.7 | 1.4 |] 3.0 | 4.8 | 6.8 | 8.4 
Platinum do 0.00003 |13.2 {19.3 |26.1 |29.9 |32.4 |34.2 
Platinum do 0.00005 |27.4 {28.1 |28.8 |29.2 |29.3 |29.5 
Copper CuSO4 0.008 Tel) 21s) 4.0 | 622 fo. An 
Copper CuSO, 0.04 7.3 |10.7 |15.6 |19.5 |23.5 Z 
Silver AgeSO,4 0.1 13.5 |18.6 |24.0 A F = 
Tin SnS0O,4 0.1 4.6 | 7.0 | 9.4 |11.0 |12.5 |13.9 
Tungsten WO3 0.003 OVS LE s5<3) 10,0) }45,0))}205.0 
Bismuth Bi2O3 0.2 4.5 |.5.8 | 8.2 ae one Je 
Sulphurous 

Acid H2SO3 0.05 5.16.4 | 823/10, 2 0/2178 i336 
Sodium 
Bichromate | NazCr207 | 0.05 373 | 5.2 | 84° (UI4 baad “ 
Arsenic* As203 0.001 1.3 | 2.6 | 4.8 | 6.9} 8.8 |10.9 
Arsenic | As2O3 0.10 OPS itlreeercleierey- ole : ee 
Antimony |} Sb2(SO4)3|0.001 3.8 | 8.8 |16.3 ay 
Nitrates | HNO3 0.001 Le Sie2O® |), S26 

do do 0.004 Sah) 4,0) (5.2 

do do 0.008 tO ES a Se a Ur ra 

do do 0.035), _|23..05|25.3). (27.3 


*These results are not as reliable as the others. 


yAt 55 minutes, plates gassing and solution turned fbrown, test 
abandoned. . 


3. Trans. Amer. Electrochem. Soc., 41, p.. 217 (1922). 
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b. The second class of these impurities includes 
those chemical compounds which are reduced more 
slowly at the negative plates and result in little, if 
any, perceptible liberation of hydrogen. In some cases 
these impurities can be eliminated from a battery by 
replacing the electrolyte. For some of these, a quanti- 
tative comparison may be made between the calculated 
and observed changes in weight of the plate. 


Bismuth presents an interesting example of the 
reduction produced at the negative plates accompanied 
by the deposit of the bismuth itself as a brown powder 
on the plate. Bismuth trioxide reacts with sulphuric 
acid to form bismuth sulphate and this, in turn, is 
reduced at the negative plate to bismuth with the 
formation of an equivalent amount of lead sulphate. 
For the 12.5 grams of bismuth trioxide, which were 
added to the solution, 24.4 grams of lead sulphate should 
be formed, and to this must be added the weight of the 
bismuth, 11.2 grams, deposited on the two plates in the 
solution making 35.6 grams as the calculated increase 
in weight of the plates. The amount actually observed 
was 33.6 grams. No appreciable effect was produced 
by the bismuth on the positive plates. The local 
action produced by the bismuth which is deposited in ~ 
the pores of the negative plates is relatively slow, but 
the diffusion of the electrolyte into the plates is doubt- 
less impeded with a consequent loss in the available 
capacity. 


Antimony and arsenic, like bismuth, affect the 
negative plates, but are without apparent action at the 
positive plates. Antimony in particular produces a 
rapid discharge of the negative plates. The reactions 
of antimony and arsenic are probably analogous to 
those of bismuth, as the reduced material becomes 
visible after a short time. There is, in addition, a 
marked accelerating effect in the case of antimony, since 
the sulphation of the negative plates as measured by the 
increase in weight is much greater than would be cal- 


‘culated for the equivalent reduction of the antimony 


sulphate. This effect is less in the case of arsenic. 
The presence of either antimony or arsenic in the elec- 
trolyte is also detrimental because of the possible 
formation of stibine or arsine in the presence of hydro- 
gen. These poisonous gases, escaping from the 
cells, become a serious hazard to: those using the 
battery. 


Nitrates which were added to the solution as nitric 
acid were reduced at the negative plate and produced 
a marked increase in the rate of sulphation. Even 
so small a quantity as 0.001 per cent produced a 
measurable result. Small quantities of nitrates prob- 
ably do little permanent damage as they are gradually 
eliminated from the cell as oxides of nitrogen or reduced 
to ammonia. Nitrates were without effect in our 
experiments on pasted positive plates, but their use as 
corrosive agent in forming planté plates from sheet lead 
is, of course, well understood. 
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TABLE IV 
LOCAL ACTION PRODUCED BY IMPURITIES WHICH AFFECT 
BOTH THE POSITIVE AND NEGATIVE PLATES 


(Results are expressed as the gain in weight of a single plate in grams at 
intervals from 50 to 500 hours) 


Per- Time in Hours 
Material | centage 
Impurity Added {Impurity} 50 100 | 200 | 300 | 400 | 500 
(Positive Plates) 
Control | j 
None experiments 4S 0.34!) 0.51} 0.66) 0.86) 1.05] 1.15 
Iron FeSO, 0.012 AN 0 WAC Tae Tia age gs 2 1.3 at one 
do do 0.08 i ets Yl fp Be Jam fee So eds j 
do do 0.4 516 6.18 of ete | ies ; 
Manganese MnSs0O, 0.08 2D fasictal 4s au 3 
do do 0.4 8.4 |10.6 |14.4 '18.4 A 
Chlorine HCl 0.05 | 5.5 | 7-1 8.2 ne 13.5 
do NaCl 1.00 23.7 |25.4 |26.0 |26.2 z 
(Negative Plates) ; 
Control | j H ' 
None experiments] |, 0.69| 1.44] 2.68 3.87] 5.03| 6.08 
Iron Fe2(SO4)3] 0.012 | 1.2 |} 2.0] 3.4 | 4.6] 5.8 | 7.0 
do do 0.08 6.3 | 8.0 | 9.5 110.8 |12.2 |13.6 
Manganese KMn0; 0.04 2.2/3.0 | 433 1) 636. 3 5 
do do 0.40 3.1L | 4.0 1.5.3.) 627 
Chlorine HCl 0.02 GLB s (ee! S28 
do NaCl 1.00 22.0 127.1 130.2 |32.7 


IMPURITIES AFFECTING BOTH POSITIVE AND NEGATIVE 
PLATES 


In the previous paper,‘ details of the reactions of iron 
and manganese have been given. Iron is perhaps the 
most common impurity in storage battery electrolytes. 
It is oxidized at the positive plate and reduced at the 
negative plate without depositing on either ad infinitum. 
Since it stays in solution it can be eliminated by chang- 
ing the electrolyte. Manganese is more detrimental 
to the positive plates than to the negatives. Its reac- 
tions are complicated and will not be repeated here. 

Chlorine is a detrimental impurity for both the posi- 
tive and negative plates, although in small quantities its 
effects are more pronounced on the positives. Chlorine 
is liberated at least in part from the cell, but others 
have stated that a portion of it is oxidized to perchloric 
acid and this remains in the electrolyte. The addition 
of sodium chloride to the electrolyte was tried because 
of the reactions which occur when sea-water may 
accidentally find its way into storage batteries used on 
shipboard. 


IMPURITIES AFFECTING POSITIVE PLATES ONLY 


Impurities of this class are organic compounds. In 
our experiments with acetic acid, the effects produced 
were smaller than were anticipated, and _ several 
additional portions of acetic acid were added to the 
same jar at intervals without much effect as shown in 
the table. 

Following the experiments with acetic acid a small 
group of separators which had not been previously 
used in batteries were extracted with sulphuric acid 
(1.250 specifie gravity), and this solution was tried on 
both positive and negative plates. No appreciable 
effect on the changing weight of the negative plates 


4, Vinal and Altrup, loc. cit. 
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was observed. However, the effect on the positive 
plates was striking. Separators which had _ been 
previously treated preparatory to their use in storage 
batteries produced smaller effects than similar separa- 
tors which had not been so treated. These results 
led us to try dextrose, sucrose, invert sugar, and 
starch which produced effects of about the same 
amount. Tannic acid, however, produced only a very 
small effect as shown in the table. These results show 
that the separators have important effects which 
warrant further investigation. 


LocAL ACTION PRODUCED BY COMBINATIONS 
OF IMPURITIES 

Table VI shows the effects produced on negative 
plates by combinations of impurities which, taken 
singly, produced less effect than when present in 

combination. : . 
Kugel> showed that the action of such combination 
as tungsten and copper exceeded materially the effects 


0 100. 200 300 400 500 
TIME (HOURS) 


Fig. 1—KEFrect or A COMBINATION OF COPPER AND TUNGSTEN 
ON NEGATIVE PLATES 


of either of these materials singly. The extraordinary 
effect of adding a small percentage of copper to a 
solution containing a small percentage of tungsten is 
shown graphically in Fig. 1. 

In addition to the experiments on tungsten and 
copper, combinations of copper with other impurities 
such as mercury, molybdenum, zinc, arsenic, and 
antimony were tried. In all of these cases it was found 
that the rate of sulphation of the negative plates was 
greatly accelerated. These results are significant in 
showing that it is important to limit the percentage of 
copper which may be present in the electrolyte to the 
smallest reasonable figure. 

In explanation of this effect, Kugel has suggested 
that the polarization on the copper is decreased by the 
presence of tungsten. Scarpa*® has advanced a similar 
explanation that the presence of tungsten lowers the 
overvoltage necessary for the evolution of hydrogen 


5. Electrotech. Zeit. 13, pp. 8, 19, (1892). 
6. L’Elettrotecnica 6, p. 317 (1919). 


Feb. 1925 


on the surface of the copper. For this reason the local 
currents flowing between the copper and the underlying 
lead of the plate are greatly increased. This appears 
the most probable explanation and our results show that 
in addition to tungsten, which is an unusual impurity 
to find in storage battery electrolytes, there are a 
number of others much more likely to be present which 
may produce the same effects. 


TABLE V 
LOCAL ACTION PRODUCED BY IMPURITIES 
ONLY THE POSITIVE PLATES 


(Results are expressed as the gain in weight of a single plate at 
intervals from 50 to 500 hours). 


AFFECTING 
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In the course of our experiments combinations of 
tungsten with arsenic, antimony, and several other 
impurities were tried, but the tungsten produced no 
unusual effect except when in combination with 
copper. 


IMPURITIES PRODUCING LITTLE OR NO EFFECT 


In the course of our experiments a number of im- 
purities were tried which produced little or no effect 
on either the positive or negative plates. These in- 
cluded sodium, calcium, magnesium, aluminum, zinc, 
cadmium and mercury. 

At various times sodium and magnesium sulphates 
have been suggested as an addition to sulphuric acid 


Per: frie in krours of the ordinary electrolyte to decrease the sulphation 
Vanni Sais SAAT OAR FE OR ee mL of the plates. Table 7 gives in detail the results which 
ths ) were obtained when these materials were added to 
None Rina 0.34| 0.51] 0.66] 0.86 ie 1.15 1.250 specific gravity electrolyte, and it will be seen 
Acetic acid 0.1 0.4 : that the agreement between the solutions containing 
ce Bee ae Peat ee these materials and the control experiment is within 
Separator , ; the limits of experimental error for both positive and 
“maar 4 eh pe cate ae negative plates. These results indicate that these 
Separator substances are without effect on the rate of sulphation 
ieeaien . Me bi eesieiubers in concentrations up to 5 per cent, and no benefit is to 
Dextrose 1.0 23.2 |26.3 |27.2 be derived by adding them to ordinary solutions. 
a ene e 2 Paes San er Others have claimed that the presence of sodium sul- 
Starch 0.5 11.6 20.8 fos.a | 3: phate and similar substances is harmful, resulting in 
Tannic Acid CAO Se OB tS hal See te Se the disintegration of the negative plates. 
TABLE VI 


LOCAL ACTION PRODUCED BY COMBINATIONS OF IMPURITIES AFFECTING THE NEGATIVE PLATES 
(Each experiment was started with the first named impurity and then copper was added at the time shown) 


Time of Time in Hours 
Material Percentage Adding Cu | 
Combination Added Impurity (hours) 50 100 200 300 | 400 500 
None (Control experiments) 0.69 1.44 2.68 3.87 5.03 6.08 
VEUNZSCOR 6 S635 oe vier WO3 0.003 246 5 hes 2.4 5:4 23.1 ZOnOe = 26.7 
{ OODPER Se <isic.- e.2)seres CuSO, 0.05 
IMEGPCOLYiss cies a. cess Hg2S0O,4 0.01 145 0.8 A cu’ f 31.6 31.8 31.0 31.2 
{ COPDEL ic Sie > cee atela CuSO, 0.05 
Molybdenum........ Mo03 0.01 145 i.1 2.0 30.5 24.7 32.4 40.0 
{ Capnersice sistas 3s CuSO. 0.05 
AMC scase cyckeo ans ZnO 0.01 145 1.2 1.6 24.0 33.7 33.2 
{ @Oppery Ley, whe kiss CuSO, 0.05 
AT HOMIG?. Us. machete ta As203 0.001 145 1.0 2.0 75) 25.8 28.0 29.2 
{ OOPPGrer shies lee CuSO, 0.05 
ANGIMONY -:.25i:Secs.s aie Sb2(SO«4)3 0.001 145 3.6 8.8 28.0 38.5 38.0 36.0 
{ Coppers yess ea pote CuSO, 0.05 
-TABLE VII 
EFFECT OF SODIUM AND MAGNESIUM SULPHATES 
(Results are expressed as the gain in weight of a single plate in grams at intervals from 50 to 500 hours) 
Time in Hours 
Impurity Material Added | Percentage ————--—-———-]|7—_ J ANY e_ pz aqyi_—H fH 
50 100 200 300 400 500 
(Positive Plates) 
None (Control experiment) ae 3 0.05 0.14 0.35 0.52 0.72 0.90 
Sodium sulphate NazSO4.10H20 2.0 0.05 0.1 0.3 0.4 0.6 Os% 
do do 5.0 0.2 0.3 0.5 Ong 0.8 1.0 
Magnesium sulphate MgS04.7H20 2.0 0.1 0.2 0.3 0.5 0.7 0.8 
do do 4.0 0.2 0.3 0.5 0.6 0.7 0.9 -. 
(Negative Plates) 
None (Control experiment) se 0.80 152 2.97 4.25 553 6.82 
Sodium sulphate Na2SOx.10H20 2 Or 0.7 1.3 2.6 3.8 4.9 5.9 
do do 5.0 0.8 1.4 2.6 Bs 4.5 —~«6.4 
Magnesium sulphate MgS0,4.7H20 2.0 0.9 1.6 321 45 5.8 vas 
do do f 4.0 1.0 1.8 3.2 4.6 6.0 7.4 


292 


SUGGESTED SPECIFICATIONS FOR SULPHURIC ACID 


Specifications for battery acid have been issued by 
many different agencies and a comparison of them 
shows wide divergence in the impurities which are 
listed and the maximum amounts which may be 
considered permissible. If suitable specifications for 
sulphuric acid for use in batteries can be formulated 
and receive general recognition, it is likely that they 
will find use also in other industries. The amount of 
concentrated sulphuric acid used per year for batteries in 
this country is probably in excess of 30,000,000 pounds. 


If the amount of impurities allowed by the specifica- , 


tions is made too small, serious difficulty may be en- 
countered in finding acid sufficiently pure to meet them. 
On the other hand the specifications must limit the 
impurities to amounts that are within the range for 
satisfactory battery operation. 

Specifications are usually drawn to apply to the con- 
centrated acid. If pure water is used to dilute this to 
the proper concentration for battery use the percentage 
of the impurity will be proportionately reduced. It is 
desirable that water of a high degree of purity be used, 
and no general statement as to the permissible use of 
natural water can be made for the reason that its 
purity varies from place to place and from one time of 
the year to another. 

The following Table VIII, on the purity of sulphuric 
acid and solutions for battery use, has been taken from 
a recent book on storage batteries.’ It is believed that 
this table is consistent with the results of this investiga- 
tion and represents acid that can be readily procured. 
It may be desirable, however, to limit the amount of 
copper to a smaller percentage in view of the large local 
action which it produces when present together with 
certain other impurities shown in Table VI. 


TABLE VIII 
PURITY OF SULPHURIC ACID AND SOLUTIONS FOR BATTERY 
USE ° 
Con- 
centrated Unused Used 
Acid Electrolyte | Electrolyte 
Specific gravity 60°F......... 1.835 1.280 1.280 
Por Gent Eis Oi iis cic, sherereyoren s 93.19% 36.8% 36.8% 
OAT Ae eas rev eiael chowieate viSie. Colorless Colorless Colorless 
Suspended matter............ None None Lead com- 
pounds only 
Ue TIa VAIN yates ro teres feito) o's tal chase whose None None None 
Arsenic and antimony........ Traces Traces Traces 
IMFAN RAN ESO ae oe cin. e's Soir soars Trace Trace Trace 
BMG fia) tek We ino ess St 0.010% 0.004% 0.015% 
MOET arya sicd iets a alc oles tei crete 0.005% 0.002% 0.005% 
Nitrates and nitrites.......... Traces Traces Traces 
Chlorides calculated as Cl..... Trace Trace Trace 
Organic matter... 0.......05% Trace Trace Trace 
SUIPHHPOUSACIO.. shighic i.e 8 Trace Trace None 


The term “trace” is often used, but ill-defined. In 
general this term in these specifications should be 
regarded as meaning less than 0.001 per cent. Any 
standard specification of this character should include 
also a statement of the tests to be employed. 

Our experiments have shown that there are other 

7. Storage Batteries, by Vinal, page 120-(1924). 
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impurities, in addition to those included in Table VIII, 
which produce effects in the storage battery. How- 
ever, they are rarely present in sulphuric acid. It 
does not seem necessary to name them all, as a state- 
ment can be added calling attention to the fact that 
other impurities are absent. 

The limits for impurities givenin Table8 are presented 
for discussion,and it is hoped that they may serve asa basis 
for specifications that will receive general recognition. 


Discussion 


J. L. Woodbridge: Mr. Vinal has given us the results of a 
new method of studying the subject of local action in the storage- 
battery cell. As he states, in his paper, considerable work has 
been done on this problem by other methods, one of them 
being the direct measurement of the capacity of the cell at dif- 
ferent times, and another being an indirect method, by measur- 
ing the evolution of gases that are given off from the plates. 

Each of these methods has certain disadvantages, and probably 
the true picture can best be obtained by a combination of all 
three. The direct measurement of the capacity of the cell is 
subject to error and can be made only at the beginning and the 
end of the standing test and not at any intermediate points. 
Furthermore, the capacity of the cell is a very variable quantity 
influenced by many factors, and it is very difficult to insure that 
an observed change of capacity is due to the particular factor that 
you are studying. The measurement of gas evolution is also 
subject to serious handicap in getting the exact results desired. 
This new method, therefore, is bound to throw considerable 
light on the problem. 

There are several factors which affect the local action in a cell; 
for example, the temperature of the cell, the density of the 
electrolyte, and the history and physical condition of the plates 
themselves. Mr. Vinal’s work has thus far been confined, as 
represented in his paper, to measurement at constant temperature 
and at one particular density of the electrolyte. We hope, 
therefore, that he will be in position to continue this work and to 
take into account these other factors. 

There is another factor which would also have a very marked 
effect on the local action, and that is the presence or absence of 
electrolytic action. Mr. Vinal’s work has been done so far on 
the cells standing on open circuit. If current is passed through 
the cell, a very different set of data will undoubtedly be obtained. 
For example, the effects of forming agents in the electrolyte will 
be very different when current is passing through the plates from 
what they are when the eéell is standing on open circuit. Also, 
the results of the presence of metallic impurities will be varied 
by the effect of electric current in depositing these impurities on 
the negative plate. 

There is one point in Mr. Vinal’s paper in connection with 
which I would like to ask for a little additional information. For 
example, in Table III, and I thinkin other tables, two columns are 
given, one showing the material added, the other showing the 
percentage of the impurity used. It isn’t entirely clear as to 
whether this percentage refers to the material in the form in 
which it is shown in the first column or-whether it refers to one 
element. For example, copper sulphate is given in the first 
column, and it is not quite clear whether the percentage of copper 
is intended, or the percentage of the sulphate. The same might 
apply to nitric acid—I presume the percentage refers to the total 
percentage of nitric acid. 

It is to be hoped that this investigation may be earried further 
because the problem is a large one and the amount of useful 
investigation that can be done is almost unlimited. 

R.L. Young: Though, not a chemist, | have found the paper 
interesting, in that it discloses the reasonsfor some commonly ac- 
cepted battery practises and points the way toward safe operation. 
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Impurities: It is of interest to note, for example, that iron, 
one of the most frequent and active impurities, is not deposited 
on the battery plates but stays in solution, soa change in electro- 
lyte should reasonably eliminate it from the cell. [assume it would 
also be necessary to replace wood separators and wash the plates. 

The tests showing that certain elements are very active in the 
presence of copper but are practically harmless otherwise, em- 
phasize the importance of keeping brass or copper terminals and 
connections free from corrosion, I would enter a plea for the more 
general adoption by the manufacturers of terminals made ex- 
clusively of lead alloy, or where conductivity demands copper, a 
more coniplete protection of the copper portions. 

Among the harmless impurities it is very fortunate that we 
find sodium. The foaming action of baking-soda solution 
during neutralization, and its non-corrosive nature, make it 
ideal for general use and particularly for washing down bus-bars 
and connections, also when necessary, walls and ceilings of bat- 
tery rooms. Apparently little harm would result if small quanti- 
ties of solution should accidentally drip into the cells and it might 
be satisfactory to leave bus-bars unwashed by clear water ifit is 
not intended to repaint them at the time. I should like the 
sanction of the authorities to follow this practise. 

Gases: I find areference to the possible liberation of poisonous 
gas, stibine or arsine, when antimony or arsenic impurities are 
present in the electrolyte. A company, with whose practises I 
am familiar, has some thousands of batteries in operation, some of 
them having 50 or more cells of large capacities similar to those 
used in central-station standby service. Practically all of 
these batteries use antimony-lead alloy grids on both positive 
and negative plates and it may be expected that antimony gets 
into the electrolyte. We have never observed any indication of 
poison or other harmful effects on attendants and I’: would ques- 
tion whether this danger is not more theoretical than real. Is 
not the ordinary ventilation provided for reasonable comfort and 
to prevent the formation of explosive mixtures, sufficient to re- 
duce the antimony hazard to a negligible amount? 

Specifications: Efforts toward the establishment of recog- 
nized standard specifications for electrolyte are commendable, as 
they will probably tend toward the development of better quality, 

_larger supply .and possibly reduced cost. They may have to be 
somewhat flexible, or perhaps a series of specifications will be 
necessary, as I understand that the amount of any one impurity 
permissible may be affected by the percentages of others present. 
This at least is more or less the case with water for battery use and 
I would like to see specifications on this as well. Perhaps radio 
fans would be interested in knowing that New York City water is 
usually safe, whereas the very excellent artesian well water furnish- 
ed in many suburban towns is not recommended for batteries. 

In Table VIII, I would suggest that two columns be added to 
cover values for 1.210 electrolyte, this being the standard for 
many batteries in stationary service. 

G. M. Howard: 
the question of antimony and arsenic in the electrolyte. 

To a man who has worked with storage batteries for years, it 
is rather startling to read a statement like this: ‘‘These poison- 
ous gases escaping from the cells become a serious hazard to those 
using the battery.” 

Mr. Young has touched on that from the commercial and 
practical end. I think all users of batteries will agree with him 
that there have been no cases of poisoning. Certainly we have 
never heard of any. 


As Mr. Vinal has said, the use of antimony in the grid is 
almost universal. Practically all lead storage batteries today 
contain antimony, and that means that there is nearly always a 
trace in the electrolyte. Certainly there is likely to be. 


We have made careful tests in our laboratories when antimony 
was known to be present in the electrolyte, and we have never 
been able to detect any in the gas. On the other hand, arsenic, 
if present in the electrolytic may give off arsine, but, of course, 
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arsenic is only an accidental impurity, and is never present in 
sufficient quantity to constitute a hazard. The point I want to 
emphasize is that the normal constituent, antimony, does not 
form stibine. 

G. W. Vinal: I would like to discuss first the point which 
was raised by both Mr. Young and Mr. Howard regarding the 
possible formation of stibine. 

The statement in the paper about antimony and arsenic re- 
lates primarily to these materials in solution. It should not be 
construed as meaning that the use of antimony in the grids is 
detrimental to the battery, nor liable to be a source of danger. 
A eareful analysis of the electrolytes taken from fifteen bat- 
teries of six different makes showed that only very small traces 
of antimony were present in the solution. In all cases the 
amount observed was less than one part in 100,000. This 
clearly shows that under the ordinary operating conditions the 
antimony used in making grids does not pass into the solution. 
In rare instances, however, appreciable amounts of antimony 
have been found in the solutions, and it is to guard against 
such cases that it seems well to include antimony and arsenic 
in the proposed specification. Manufacturers of batteries en- 
deavor to use materials which are free from arsenic and which 
might give rise to the liberation of arsine. Authentic cases 
of the liberation of stibine appear to be lacking, although 
we know from chemical reasoning that the conditions do make 
the formation possible, at least theoretically. 

In answer to Mr. Young’s question as to whether the venti- 
lation in a battery room is sufficient to take care of such gases, 
I think the answer is quite clearly ‘‘yes.”’ 

As to the effect of sodium in the electrolyte, our experiments 
show that it did not affect the rate of sulphation appreciably. 

A word of caution is perhaps desirable and Mr. Woodbridge 
has very well pointed out the fact that several methods of 
experimentation are desirable to reach final conclusions. I 
had some correspondence, with reference to sodium, with 
engineers of the Prest-O-Lite Company before coming to this 
meeting. They are of the opinion that traces of sodium may 
produce deleterious effects when batteries are continuously 
charged and discharged. That is somewhat contradictory to 
results which we have obtained, and yet I think that it is a 
point which may very well be investigated further. 

As to the matter of using natural water, I know that water 
in New York City is commonly used in large batteries. I 
think New York City is blessed. It has a very fine water 
supply. I have been very careful, however, not to make any 
definite statement about the use of natural water, because 
natural water varies so much from place to place, and while it 
may be perfectly all right to use it in one location it may be un- 
wise to do so in another. The Bureau of Standards has often been 
quoted as saying that the use of natural water is permissible. 
As a matter of fact, we have not issued any such statement. 

I believe that nitrates in small amounts, such as are considered 
here, gradually tend to eliminate themselves from the batteries, 
some passing off as gas and some being reduced to ammonia. 


I want to mention again Mr. Woodbridge’s comments about 
the combination of methods. Of course, the work which we 
have done gives an indication of the local action which is pro- 
duced within the cells, but it is quite desirable that these results 
should be supported, by measurements made on the batteries 
under normal operating conditions. We have made a few 
measurements on weighing the plates, with the passage of current 
both charging and discharging, but that work has not progressed 
very far. How far we shall be able to go we cannot say at the 
present time, but there is a very wide field of work. 7 


One more point about the percentage of impurities,—partic- 
ularly in the case of copper: the percentage which is given in 
the table is the percentage of copper. The impurity was added 
in the form of copper sulphate, but allowance was made for the 
SO, radical and for the water of crystallization. 


The Theory of Probability 


and Some Applications to Engineering Problems 
BY E. C. MOLINA: 
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Synopsis.—The purpose of this paper is to encourage a wider 
recognition by engineers of a body of principles which in its mathe- 
matical form is a powerful instrument for the solution of practical 
problems. Some subjects in which the theory of probability has 


HE subject to which I now invite attention has 
oo | [now 1 
igh claims to consideration on account of 
the subtle problems which it involves, its 
important practical applications and the eminence of 
those who have cultivated it.” (Todhunter: History 
of the Mathematical Theory of Probability, 1865). 

You are all familiar with the importance of the theory 
of probability in its applications to life assurance, 
biology, radioactivity and other branches of pure 
and applied science. In telephony the theory has 
been utilized for over a quarter of a century. This is 
not surprising. The calls to be handled during a 
busy hour fall at random with reference to a given 
instant. Hence, a knowledge of total and average 
loads does not suffice for determining the quantities of 
equipment required for rendering efficient and econom- 
ical service. The mathematical theory of probability 
enables one to evaluate the frequencies of different 
deviations from known average conditions. With 
this information the solution of trunking problems 
becomes precise, the quantities of equipment required 
for existing systems is determined and as changes 
in the art occur the merits of proposed systems can be 
weighed, thereby assuring that the public’s demands 
for service be met satisfactorily. 

The theory of probability is of immediate aid in 
the planning of inspection programs which must be 
carried out in order that apparatus may leave the 
manufacturer in fit condition to perform its functions. 
The interpretation of empirical data is facilitated and 
often the application of the theory to hypothetical 
conditions makes unnecessary the carrying out of 
costly statistical investigations. 


The application of the theory of probability to 
engineering problems is a subject of so much importance 
that it is believed the engineering societies could well 
afford to give more consideration to it than has been 
given in the past. While there have been one or two 
instances of Institute papers discussing probability 
matters, such, for instance, as ‘““A Method of Deter- 
mining Resultant Input from Individual Duty Cycles 
and of Determining Temperature Rating” by Mr. 
ms Bs American Telephone and Telegraph Company, New York, 
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been used are recalled, the fundamental principles are stated and 
applied to three problems chosen from the field of telephone 
engineering. 

* * * * * 


Bassett Jones, in general the Institute papers have 
paid little attention to this matter. It is the purpose 
of this paper to present the fundamentals of the 
theory of probability in a form which it is hoped will 
appeal particularly to practical engineers, and to 
discuss specifically the application of these fundamental 
principles to a number of practical problems. 

The fundamental principles of our subject, first’ 
formulated in a comprehensive manner by Laplace 
in his classic “Théorie Analytique des Probabilités’ — 
may be stated as follows: 

First Principle. The probability that an event may 
happen in a specified manner is the ratio of the number 
of ways it can happen as specified to the total number 
of ways in which it can happen. For example, the 
probability that an ordinary six-face die will, when 
cast up in the air, give a number greater than 4 is 2/6 
since there are only two faces marked with numbers 
greater than 4; whereas, the total possible number of 
ways in which the die can turn up is obviously 6. 

This first principle is really nothing more or less 
than a definition of probability. It is implicitly 
assumed that all the possible cases are equally likely 
or probable. This implicit assumption has been 
severely criticised by some philosophers. Moreover, 
Poincaré, Bertrand and others have claimed that a 
logically satisfactory definition: is impossible. How- 
ever, this statement should not be disturbing any 
more than being reminded that there is no precise 
answer to the question “what is matter?’—should 
disturb a group of chemists. 

Second Principle or Theorem of Total Probability. 
When a complex event can be reduced to a group of 
mutually exclusive simple events, the probability for the 
complex event is the swm of the probabilities corre- 
sponding to each simple event. Or thus—the prob- 
ability of the happening of any one of several events, 
no two of which can concur, is the swm of their separate 
probabilities. As an example, suppose that one of our 
men has plans to return from Chicago next summer 
either by the Pennsylvania R. R., the New York 
Central R. R. or else by boat through the Great 
Lakes. If pi, po, ps, are the probabilities for these 
three routes respectively, the probability that he 
returns by rail is 

p=PDi+ Pe 
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Third Principle. If there be given any number of 
independent events, the probability thet they will all 
happen is the product of their respective probabilities. 
Suppose we have in front of us, three bags filled 
with red, white and blue balls. If 7 per cent of the 
balls in bag No. 1 are white, 19 per cent of those in 
bag No. 2 are white and 40 per cent of those in bag 
No. 3 are white and we draw one ball from each of the 
bags, then P = (7/100) (19/100) (40/100) is the com- 
pound probability that all three of the drawn balls 
will be white. 

Fourth Principle. The probability of the con- 
currence of two dependent events is the product of the 
probability of the first times the probability that when 
that has happened, the second will follow. 

Fifth Principle. This fifth principle may be con- 
sidered as a corollary to the fourth. Suppose we 
know the a prior? probability in favor of an event which 
has happened and that we also know the a priori 
probability for a compound .event consisting of the 
event which has occurred followed by another event 
which has not yet occurred. Then the probability 
that the second event will occur is equal to the a 
prior’ compound probability divided by the a priori 
probability of theevent which hasoccurred. Example— 
Bids are open for the construction of a city subway. 
Let P be the compound probability that a certain 
construction company bids and submits satisfactory 
plans. Let p, be the probability that said company 
bids. Then, if the company has made a bid, the prob- 
ability that the plans submitted will be satisfactory 
is pp = P/p,. 

We now come to a principle which is of fundamental 
importance for most if not all fields of engineering. 
The so-called “Theory of Sampling,” which is of 
immediate interest to every engineer, seems to be 
_ inextricably tied up with this principle in spite of 
efforts made to separate them. 


The five principles given above relate to the theory - 


of @ priori probability. The next principle has refer- 
ence to a posteriort probability or probability of 
causes. The essential difference between a priori 
and a posterior: probability may be indicated as 
follows: Consider a bag containing 1000 balls some of 
which are white. We are dealing with the a prior 
probability when, knowing the ratio of white to total balls 
we put the question, what is the probability that 100 
drawings will give 7 whites? It is assumed that a 
drawn ball is replaced in the bag before the next ball 
is drawn. We are dealing with a posterior: probability 


when, knowing that 100 drawings did give 7 whites we. 


put the question, what is the probability that the 
ratio of white to total balls has a specified value, 
(say 11/1000 for instance)? 

As before, we will follow closely in the footsteps of 
Laplace. His classic generalization of Bayes’ theorem 
laid the corner stone for the edifice erected by mathe- 
maticians and statisticians since the publication of the 
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Théorie Analytique. Two preliminary definitions will 
help us to understand Laplace. 

Consider again the bag ‘containing 1000 balls from 
which 100 drawings gave 7 whites. Note that the 
unknown ratio of white to total balls is a hypothesis 
or cause leading to the observed result. We may. 
consider any one of 999 possible hypotheses: 


1—ratioisp,1 = 1/1000 
ae | Pot 27/1000 
Sa ee Det =a LOOO 
eS So np =). CK L000 
997— “ “n997 = 997/1000 
998— “ “n99g = 998/1000 
999— “ “999 = 999/1000 


The a posterior: theory assumes that there is a known 
probability for the Kth hypothesis before the results of 
the drawings are disclosed. Call this the existence 
probability for the Kth hypothesis. If the Kth hypothesis 
exists there is a definite probability that it will give 
the observed result. Call this the productive probability 


for the Kth hypothesis. 


Sixth Principle. The a posteriori probability in 
favor of a specified cause is a fraction whose numerator 
is the product of the existence and productive prob- 
abilities of that specific cause while the denominator 
is the sum of like products for all the causes. 

Seventh Principle. If two events are governed by 
the same set of mutually exclusive causes and one 
event has happened, the probability that the second 
event will happen is equal to the sum of all the products 
obtained by multiplying the a posteriori probability 
of each cause (as determined from the observed event) 
by the probability that the cause, if acting, will produce 
the second event. 

Applications. “The applications of the principles 
which we have just expounded to the various questions 
of probability requires methods whose investigation 
has given birth to several methods of analysis and 
especially to the theory of combinations and to the 
calculus of finite differences.’”? 

Asa telephone engineer the author need not apologize 
for being more familiar with the application of the theory 
of probability to telephone problems than to problems 
relating to other fields of engineering. In what follows, 
it is not intended to discuss at length any major 
telephone problem. Such a discussion would be worthy 
of at least as much space as has been allotted to this 
paper. Moreover, the inherent interest of a major 
problem would distract attention from the probability 
principles made use of in its solution. 

As an immediate application of the first principle or 
definition of probability consider the following problem: 

nm calls fall at random in an interval of time A. 
As the calls fall they are automatically counted by a 
meter. This meter, however, cannot function properly 
if the time interval between two consecutive calls is 


less than a small interval a. 


2. Laplace Théorie Analytique. 
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What is the probability that a correct count of the 
n calls will be obtained? In other words, what is the 
probability that no two ‘consecutive calls will be 
separated by a distance less than a? 

The mathematical analysis contained in the appendix 
to this paper gives 

Pes fl tis) /4) 7 

The curves of Fig. 1 show the numerical values of 

the probability P for various values of n for the two 
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cases a = 0.1 sec. and a = 0.01 sec. 
val A is assumed to be one hour. 

For an illustration of the applicability of the second 
and third principles consider the following telephone 
trunking problem. 


The large inter- 


Referring to Fig. 2 consider a group of 269 sub- © 


seribers, each equipped with a 20-point line switch. 
The line switches have common access to a group of 
20-trunk lines. When a subscriber removes his receiver 


269 Subscriber Lines 


Group of 
20 Trunks , 


lene, 2) 


from the hook, his line switch revolves and connects 
him to an idle trunk, if one exists. 

What is the probability that when a particular 
subscriber, X, calls he fails to obtain a trunk at once? 

It will first be shown that this trunking problem 
transforms into a simple dice-throwing problem. The 
answer to the dice problem is then obtained at once by 
recourse to the binomial expansion which was used so 
effectively by Mr. Bassett Jones in the solution of his 
problem. ‘To facilitate the transformation, let us make 
some simplifying assumptions. 
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A—During the period of time under consideration, 
the busy hour of the day, each subscriber’s line makes 
one call which is as likely to fall at any one instant as 
at any other instant during the period. 


B—If a call, when initiated, obtains a trunk immedi- 
ately, it retains possession of that trunk for exactly two 
minutes. In other words, a constant holding time of 
two minutes’ duration will be assumed. 


C—If a trunk is not obtained immediately, the calling 
subscriber waits for two minutes and then withdraws his 
eall. If, while waiting, a trunk becomes idle, he takes it 
and converses for the interval of time remaining before 
his two minutes are up. 


Referring to Fig. 3, let point P represent the unknown 
instant within the hour at which X calls. Consider 
the two minutes immediately preceding the instant P. 
Evidently, by assumption C, calls falling outside of 
this particular two-minute interval cannot prevent X 
from obtaining a trunk. 

If, however, at least 20 of the remaining 268 sub- 
scribers initiate their calls within the particular two 
minutes under consideration, there will be no trunk 
line immediately available for X. This follows from 
assumptions B and C. 


Bia. 3 


Consider some one of these 268 other subscribers, _ 
for example Y. The probability that Y calls in the 
two minutes under consideration is, by assumption A, 
the ratio of 2 minutes to 60 minutes, or 1/30, which is 
exactly the same as the probability that he would 
throw an ace if he were to make a single throw with a 
30-face die. Likewise, the probability that still 
another subscriber calls in the two minutes under 
consideration is exactly the same as the probability 
that this other subscriber should throw the ace in a 
single throw with a 30-face die. 

It is evident then, that the probability that X 
fails to get a trunk immediately is the same as the 
probability of throwing at least 20 aces if 268 throws 
are made with a 30-face die. To facilitate the deter- 
mination of this probability and the solution of similar 
problems, probability tables of the type shown in 
Table I have been computed. In the table, the average 
number of times an event may be expected is repre- 
sented by a. The probability that the event occurs at 
least a greater number of timesc = a + dis represented 
by P. In the problem under consideration, the average 
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268 
30° 
in the present problem c = 20. Turning to the table, 
we find that corresponding to c = 20 and a = 8.96, 
the value of the probability P is0.001. In the particu- 
lar telephone problem under consideration this means 
that once in a thousand times when X calls, at least 
20 of the other subscribers will have called in the two 
minutes immediately preceding, and therefore X fails 
to get a trunk immediately. In other words, we may 
consider that on the average, one in every thousand 
calls is delayed. 


number of aces expected is 8.96 = Likewise 


0.6 


0.3 
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Fig. 4—Curves SHOWING PROBABLE RANGE oF TRUE 
FrequENcY Vs. NUMBER OF OBSERVATIONS FOR OBSERVED 
Frequencies or 0.01, 0.02, 0.08, 0.04, 0.05, 0.06, 007. 
Weigut = 0.98 


Finally, as an application of that most far-reaching 
but much debated sixth principle, consider this 
telephone traffic problem: 

A group of 50,000 calls originated in an exchange 
area. An unknown number of them were delayed 
-more than 10 seconds. Observations were made on 
300 of the calls and of these 9, or 3 per cent, were 
delayed more than 10 seconds. With this information 
is it a safe. bet that the unknown percentage for the 
entire 50,000 calls is below 5? Or better yet, are we 


justified in betting 99 in 100 that the unknown per- . 


centage for the 50,000 calls is below 5? Or again, may 
we bet 8 in 10 that the unknown percentage is between 
0.5 and 5? It is taken for granted that the observer 
is justified in believing that the calls under consideration 
fulfill the conditions of random sampling such as that 
each call is independent of every other call, or that 
an appreciable number of the calls is not due to the 
occurrence of some unusual event,—the Wall Street 
explosion, for example. 

Obviously the telephone problem is analogous to the 
problem of the bag containing an unknown ratio of 
white balls. . The corresponding elements in the two 
problems may be tabulated as follows: 

1st. 1000 balls in bag vs. 50,000 calls originated. 

2nd. 100 balls drawn vs. 300 calls observed. 

3rd. 7 white balls drawn vs. 9 calls delayed more 
than 10 seconds (2. e., defective with reference to a 
particular characteristic). 

4th.. To the 999 possible, hypotheses with reference 
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to the unknown per cent of white balls correspond 


.49,999 possible hypotheses with reference to the 


unknown per cent of calls delayed more than 10 seconds. 

The problems differ in that a ball drawn from the 
bag is returned before another drawing is made, whereas 
an observed call is comparable to a ball being drawn 
and not, returned. However, with the numbers 
involved this discrepancy may be ignored. 

The attached curves, Fig. 4 show graphically the 
conclusions to be drawn from the mathematical 
analysis. A glance at the right-hand end of the curves 
will show that they are associated in pairs. The upper 
eurve of a pair slopes downward from left to right 
while its mate slopes upward. 

Consider the pair of curves marked 0.03. For the 
abscissa 300, they give as ordinates the values 0.0625 
and 0.014. The interpretation of these figures is as 
follows: if 300 observations gave 3 per cent of calls 
delayed then we may bet 

Ist. 99 in 100 that the unknown percentage of calls 
delayed is not greater than 6.25. 

2nd. 99 in 100 that it is not less than 1.4 per cent. 

3rd. 98 in 100 that it lies between 1.4 per cent. and 
6.25 per cent. 

Likewise, considering the curves marked 0.06 if 
1000 observations gave 6 per cent of calls delayed, 
then we may bet 

Ist. 99 in 100 that the unknown percentage of calls 
delayed is not greater than 8.05. 

2nd. 99 in 100 that it is not less than 4.4 per cent. 

3rd. 98 in 100 that it lies between 4.4 per cent and 
8.05 per cent. 
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It is obvious from the shape of the curves that a few 
hundred observations do not give more than a vague 
idea as to the unknown per cent of calls delayed. On 
the other hand, the gain in accuracy obtained by 
making more than 10,000 observations would. hardly 
justify the expense involved. The number of observa- 
tions which safety requires in any particular problem 
must be determined by the conditions of the problem 
itself. If we are willing to take a chance of 9 in 10 
or 8 in 10 instead of 99 in 100 or 98 in 100, respectively, 
the curves of Fig. 5 will give us an idea of the range 
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within which the unknown percentage of defectives 
lies, 
Appendix 
COUNTING METER PROBLEM 


n calls fall at random in an interval of time A. 
As the ealls fall, they are automatically counted by a 
meter. This meter, however, cannot function properly 
if the time interval between any two consecutive calls 
is less than a small interval a. 

What is the probability that a correct count of the 
n calls will be made? 

Consider the two diagrams of Fig. 6. The lower 
diagram indicates any one of the many different 
number of ways in which the calls may fall. Evidently 
this number is the same as the number of different 
sets of values which we can give to the set of variables 
Yi, Yx Ys. - Yn, SO that each variable is equal or 
greater than zero, but their sum not greater than A. 
Using the language of the integral calculus, the number 
of possible sets of values for y:, yo. . . Yn IS 

SoSoSo..- Sodyidyr,dys... dyn 
where the upper limits of the integrals must be such 
as to satisfy the condition 

ORS DA 
On the other hand, the upper diagram indicates any 


Fig. 6 


distribution of the calls consistent with the condition 
that the distance between consecutive calls is not less 
than a. Note, that since there are n calls, there are 
(n — 1) intervals, each of which must not be less than a. 
The number of distributions satisfying the desired 

condition is evidently the same as the number of sets of 
values which can be given to the set of variables x, 
Yo, .. . 2, So that each variable is equal or greater 
than zero, but their sum is not greater than A — (n 
—1)a. The number of possible sets is given by the 
multiple integral 

a Mery Soe ew ae fig Oks th ae @ ty. < ai er 
where the upper limits of the integrals must be such 
as to satisfy the condition 

. O25 3 <[(A— @—1) 4] 
Therefore, the desired probability is 


ne (favorable cases) 
"(total possible cases) | 
-~ SoSoSo...- Sodmadtrdts.. . dtp 
SoSoSo... fodyidyod ys... dyn 
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Transform the integrals by the substitutions 


y = Ady x =[(A-— (n—-l)als 
dy =Adt,dx = {A-— (n—l)alds 
Then 
P= 
[A—(n—l)a}*fofoso...SodSidseds;...d8, 
A® fi fo Sut S 1 Cit at eee 


The conditions to be satisfied by the limits of integra- 
tion in both numerator and denominator are now both 
the same, that is, 

O21) 70 4 Disa 

The integrals, therefore, cancel out, saving us the 

trouble of evaluating them, and we obtain 


p= [4=@-0¢ [-a-@-ywar 
TABLE I 


AVERAGES (a) CORRESPONDING TO DEVIATION (d) PLUS 
AVERAGE (a) TO BE EXPECTED WITH DIFFERENT 


PROBABILITIES 
ip 

Deviation |——_|—____—___—_|"_|___|_ Deviation 
Plus 0.001 | 0.002) 0.004] 0.006; 0.008} 0.010 Plus 

DENG EY Ne a) ARS, 

c=a+d Averjage =a c=ac+d 
1 0.001; 0.002} 0.004] 0.006} 0.008 | 0.010 1 
2 0.045] 0.065] 0.092] 0.114] 0.133 | 0.149 2 
iS 0.191). 0.243} 0.312] 0.361] 0.402 | 0.436 3 
4 0.429} 0.518} 0.630] 0.709] 0.771 | 0.823 4 
5 0.739 | 0.867] 1.02 1.13 1,21 1.28 5 
6 on De In27, 1.47 1.60 1.70 1.79 6 
7 1.52 1.72 1.95 2.11 2.23 2.33 if 
8 1.97 2.20 2.47 2.65 2.79 2.91 8 
9 2.45 2.72 3.02 3.22 3.38 3.51 9 
10 2.96 3.26 3.60 3.82 3.99 4.13 10 
11 3.49 3.82 4.19 4.43 | 4.62 4.77 Ag 
12 4.04 4.40 4.80 5.06 5.26 5.43 12 
13 468 5.00 5.43 5.71 5.92 6.10 13 
14 5.20 5.61 6.07 6.37 6.60 6.78 14 
15 5.79 6.23 6.72 7.04 7.28 7.48 15 
16 6.41 6.87 7.39 7.42 That ¥¢ 8.18 16 
17 7.03 7.52 |} 8.06 8.41 | 8.68 8.90 17 
18 7.66 SuL7 SSeS 9.11 9.39 9.62 18 
19 8.31 8.84 9.44 9.82 |10.11 |10.35 19 
20 8.96 9.52 |10.14 |10.54 |10.84 |11.08 20 
21 9.62 |10:20 |10.84 |11.26 j11.57 j11.83 21 
22 10.29" |10.89 (11.56 |21.99° |f223 5 12.57 22 
23 10.97 |11.59 |12.28 |12.73 13.06 |13.33 23 
24 11.65 |12.29 {13.01 [13.47 {13.81 |14.09 24 
25 12.34 | 13°00) \13.. 74. 11421 ia bee 25 


Sampling Problem. As stated in the body of the 
paper, when the total number of calls under considera- 
tion is large as compared with the number of calls 
observed, the problem is essentially identical with the 
problem of drawing balls from a bag, the ball taken at 
each drawing being returned before the next drawing 
is made. 


Assume, then, that » drawings from a bag containing 
an unknown ratio of white to total balls resulted in ¢ 
white drawings and (n—c) not white. In other 
words, assume that the observed frequency of white 
balls was (c/n). Considering the unknown ratio as a 
cause, let W (x) be the a priori existence. probability 
for the value x. The productive probability for the 
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value x, that is, the probability of obtaining c white 
and » — c not white balls if the unknown ratio were 2, is 
Gad — ar 
where (”) is a symbol for the combinations of n things 
c at a time. 
By the sixth principle the a posterior: probability 
in favor of the unknown ratio having the value zx is 


_ We) ()  (— a) 


P (x) i 
UW (x) (2) x (1 — x)" 


W (x) x (1 ee VD aa 
1 
uw (x) xe (1 —.x)*-< 


Therefore, the a posterior: probability that the ratio 
x does not exceed the value 7; is 


aw (x) x¢ (1 — x)n< 


LPO SAE a) (ae re ee tar ale 
; = W (2) xe (1— x)" 


When the total number of balls in the bag is large so 
that the difference between any two consecutive possible 
values for x is small, we may substitute integrals for 
the summations; giving 

ft W (a) 2 (1 — 2)*<d x 


© 2p Wae dade 


Assume first that W (x) isa constant b foro < xz < g, 
where g > 71. Then 


P1 
f x (l—2)**dax 
P= “ 
¥ 
f Og (1 = os dia + f dae 
0 ; g 


xe (l—2x)"*dx 


(2) 


Now assume that 
1 : 
f wets eck Cloaaa es hee chose 5 
& 
is negligible compared with 
S8 x¢ 1 — 2«)**da, 
0 


and also assume that g, c and (n—c) are such that 


approximately 
SS I Ag ae ie Bd NE 9 tO ea) bey 
0 0 


Then, finally, 
hie Pon eee eee tat 


Sie l—ax)erde 
0 


~ te fe (Lien) sedan; 


ee 


(3) 


This well-known formula might have been obtained 
by assuming ab initio that W (x) is independent of zx. 
Particularly should it be noted that this independence 
is not identical with the assumptions made above. 
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In the applications which are here contemplated the 
values pi, c and n are such that g need be but a small 
fraction of the range 0 to 1. 


In the ‘“Theorie Analytique” Laplace transforms (3) 
so that it can be evaluated in terms of the Laplace- 
Bernoulli integral 


2 k 

SS SS= 12 

ye Je dt 
where k is a function of p,,c and n. This transtorma- 
tion is most valuable when 7p, is in the neighborhood 
o %. For small values of p,; the transformation 
which converts the binomial expansion to Poisson’s 
exponential binomial limit is more appropriate and 
gives, writing (n pi) = a, 


a 


1 
P=——— fyerdy=P(c+1,a) 4) 
stad 
Discussion 
B. Jones: In the introduction to his paper Mr. Molina draws 


attention to the apparently little recognized value of the Calculus 
of Probabilities in engineering studies. Permit me to draw your 
attention to the extraordinary importance this calculus has acquir- 


- edin modern mathematical physics as a means of developing the 


necessarily statistical expressions for the so-called laws of nature. 

Since the time of Laplace the calculus of probabilities has 
been the foundation of Astronomical research. It is the basis of 
the kinetic theory of gases. Maxwell shared with Gibbs the 
work of developing dynamics as a statistical science. As 
Reiche puts it ‘‘Planek has turned the problem of radiation into 
a problem of probabilities.” Eddington points out that Hin- 
stein’s grand summary is to the effect that ‘‘the present state 
Of the world is that which is statistically the most probable.” 
Thus, a branch of mathematical science born in a gambling 
dive, is found capable of dealing with the most varied classes 
of more or less random phenomena which, from craps to atomic 
structure, make up the detail of this world. It assumes nothing 
as fixed given or absolute, and, insofar, the formulas of probabili- 
ties are very descriptive of the world’s behavior. Perhaps our’s 
is the most probable world.! 

Mr. Molina has given us an outline of a few important theorems 
in the probability calculus. I wish to present the outline of a 
further very elementary and very useful method of dealing with 
the probable character of a sample drawn from a mixture when 
the probable frequencies of the several components of the mix- 
ture are known, and when we are interested in the failure of the 
sample to be thoroughly representative of the mixture. The 
method has wide engineering application extending from the 
sampling of crushings, screenings, and concrete mixtures, to the 
determination of probable duty cycles as a means of selecting 
apparatus having suitable characteristics. It may also be used 
to determine the demand factor imposed on hydraulic and elec- . 
trical distributing systems serving a number of devices operating 
intermittently, or subjected to varying demands.” 

Let the total number of elements composing the mixture be 
P, of which one element has the frequency a, a second element 
has the frequency b, a third element has the frequency c, and so 
on. ‘Thatis, P =a@a-+ b6-- e+ ..5. ; 

Let x be the number of different kinds of elements in the 
mixture, irrespective of the number of elements of each kind. 

Let a sample having a total of N elements be drawn. 

1. The Most Probable World, Jones, Tech. Enginzering News, Vol. IV, 
No. 9, March, 1924. ‘ 


2. The application of the method to the determination of water supply 
and waste in buildings is given in a Bureau of Standards Bulletin. 
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Then the probability that any one of these elements is an a, 
is a/P; that it isa bis b/P; that itisac, is c/P; ete. 

The probability that any one of these elements is not an a, is 
1 — a/P; that is it not a b, is 1 — b/P; that it is not a c, is 
1 — c/P; ete. 

The probability. that none of the N elements drawn is an @ is 
(1— a/P)%; and, so on, for the other kinds. Therefore the 
average probability that any element in the sample will not be 
any one of the n kinds is 

1/jn{ (1 —a@/P)® +(1—b/P)X +.....} (1) 
This is also the probability that the sample will not be repre- 
sentative of the mixture. 

The probability that the sample will be representative of the 
mixture is 


1-[ + {a-apy 1 (ethene 4] 2) 


Therefore the probable number of kinds of elements contained 
in any sample of NV elements is given by 


s=n(1-[ 7 {a -a/py aby PS +... ])@ 


Should the sample be so constrained that any one element, say 
the p‘” is certainly present, the corresponding term (1 — p/P) 
is to be omitted from (1), giving, in place of (3), 

S(n—-1) = (n — 1) 


( 1 =r (las a Pee ee 4 ]) (4) 


as the probable number of different kinds of elements other than 
p contained in the sample. 

Should it happen that all the elements are equally distributed 
im the, original mixture, so-that a — b)— 6 = eine = ay 
where, as before, P=a+b+c+....,and nis the number 
of kinds of elements in the mixture, then (3) reduces to 

SS dS ahs (5) 
a well-known form that may be used in many cases where a b, c, 
ete., are not materially different from one another. 

As a case, let it be required to find the probable number of 
stops that will be made by an elevator car containing N passen- 
gers drawn from a erowd of P people composed of a people 
bound for the first floor above the bottom terminal stop, b 
people bound for the second floor, c people bound for the third 
floor, . . , and x people bound for the top or nth floor. 

Since, barring accidents, the top terminal or nth floor is 
a certain stop, the term (1 — x/P)% is to be omitted from (1) 
and the probable number of intermediate stops is given by (4). 
The total number of stops, including the top terminal, is S,-1 + 
1! 8: 

If H be the travel between the bottom terminal and the top 
terminal, the average distance covered between start and stop is 
H/S. From this, and the time-velocity characteristics of the 
equipment, the probable average duty cycle of the hoisting 
equipment can be determined, which, when converted to equiva- 
lent r. m. s. input, gives the equivalent continuous output. 


If a number of such equipments are operating simultaneously, . 


the probability method given in my paper on “A Method of 
Determining Resultant Input from Individual Duty Cycles’, 
Trans. A. I.E. E., 1922, p. 457, may be used to determine the 


equivalent continuous rating of the feeders to the hoisting- . 


engine group. In spite of the fact that this paper has been 
characterized as ‘‘school-boy mathematics,’ the method 
has been in successful use for a number of years and has resulted 
in considerable savings in cost of installation, and particularly 
so in just such cases to which it has been said the method is 
inapplicable. 

The most probable time distribution of load on generating 
plants has been determined by this method and given to manu- 
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facturers as a basis for the submission of apparatus suited both 
in type and rating to meet such probable actual conditions and 
not suited to wholly non-existent conditions resulting from 
purely empirical guesses. In recent cases we have found that 
the resulting temperature rise of the apparatus in service is 
extraordinarily close to the expected rise, indicating that the 
actual r. m. s. value of the load is fairly close to the calculated 
r.m. s. value, and that the owner has paid for machines neither 
too small nor too large. I have many records of. cases where 
generating capacity and rated motor output, both determined 
on a wholly empirical basis, are considerably in excess of the 
actual demand—in some cases this excess is 50 per cent and more. 
Feeder sizes often run 100 per cent above the actual necessary 
rating. 

In closing I wish to draw attention to the fact that the method 
of probabilities does not start from any pre-conceived mathe- 
matical notions from which, by purely logical processes and 
almost mechanical dexterity in the manipulation of mathematical 
symbols in accordance with fixed rules, an answer is turned out 
willy-nilly. On the other hand, the method of probabilities 
is one of continuous cut and try based on no evidence other than 
the given data. It is no substitute for thought, but rather re- 
quires very clear reasoning at all stages of the process. Every 
step must be carefully visualized. This is its extraordinary - 
advantage as a mental training. It has somewhat the same 
pedagogical value as the study of legal procedures. The cor- 
rectness of the results obtained are wholly dependent on the 
common sense used in its application. 


A. G. Chapman: | Applications of the theory of probability 
have long been useful to telephone engineers in studying the 
problem of limiting cross-talk between telephone circuits to 
tolerable amounts. In considering cross-talk, two paralleling 
telephone circuits may be conveniently divided into a succession 
of short finite elements. The two circuits will be coupled in 
each element. The coupling is usually due to electric and mag- 
netic induction, although in the case of a phantom cireuit and 
its side circuits, resistance coupling may be of some importance. 
The speech power at a terminal of the disturbed circuit depends 
upon the resultant effect of all these couplings and upon the 
power impressed upon the disturbing circuit. In a well-designed 
telephone plant the couplings are due to small deviations from 
perfect construction rather than to dissymetries in design. 
It is impossible, therefore, to predict accurately the cross-talk 
between any two well designed and maintained telephone cir- 
cuits. Estimates may be made, however, of the most probable 
cross-talk between two circuits and the chance of exceeding the 
most probable value by various percentages. In case there are a 
number of circuit combinations having the same probability of a 
given value of cross-talk, itis useful to estimate the average cross- 
talk and also a value of cross-talk which there is but asmall chance 
of exceeding. 

Such estimates are very useful in studying the importance cf 
deviations from perfect construction in loading coils, in sections 
of telephone cable and in any apparatus occurring repeatedly 
in a long telephone circuit. Estimates of probable eross-talk 
are also essential in studying the design of loading systems and 
systems of arranging repeaters in telephone circuits as well as 
in considering the matter of permissible deviations from the 
theoretical values in the spacing of wires and transposition poles 
of open-wire lines. 


The computations of probable values of cross-talk must, of 
course, be coordinated with an extensive program of testing to 
serve as a check on the necessary approximations in the compu- 
tations and as an indication that the circuits have been installed 
in the proper manner. 


As a formal mathematical problem, applications of the theory 
of probability to computations of cross-talk offer considerable 
difficulty and the solutions are necessarily approximate. The 
problem involves determining the probable resultant of a large 
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number of deviations, that is, the successive couplings between 
the elements of the telephone circuits. The law followed by the 
individual deviations must be approximately determined from 
experimental data. It is usually satisfactory to assume the 
normal law of error for the individual deviations but the law of 
combination of the various deviations is usually complex. Two 
adjacent deviations of the same magnitudes may not add or 
subtract algebraically since the resultant cross-talk currents of 
any particular frequency may be out of phase due to a difference 
in the nature of the two couplings. In long telephone circuits, 
the attenuation of the speech waves and the finite speed of prop- 
agation with its resultant retarding of phase must be taken 
into consideration, and also the large number of frequencies of 
which a speech wave may be assumed to be composed. As a 
result of the propagation phenomena, two similar but non- 
adjacent deviations will produce cross-talk currents at a circuit 
terminal differing in phase and magnitude, depending upon the 
distance between them and the frequency. In addition, the 
separation between two telephone circuits may not be uniform. 
For example, in a telephone cable, two circuits may be adjacent 
for a short distance, say 500 ft., and then occupy a large number 
of non-adjacent positions before coming together again. In 
spite of all these complexities, however, it has been found practi- 
cable to obtain approximate solutions of probability cross-talk 
problems which have been very useful in engineering the tele- 
phone plant. 


R. S. Hoyt: Mr. Molina has chosen his principle illustrative 
examples from the extenisve field of traffic and trunking problems. 


I believe that the Institute will be interested at this time in an 
outline of applications of probability theory to certain problems 
in two other fields of telephone engineering—namely, in telephone 
transmission engineering, and in radio engineering. 


Of the three problems which I propose now to outline, the 
first two arose in the applications of two-way telephone repeaters 
to long telephone lines or cables, and the third relates to the use 
of selective circuits for reducing ‘‘statie’’ interference in radio 
reception. 


By way of preface to the first two problems it may be recalled 
from the theory of repeaters that the practicable amplification 
obtainable from a two-way repeater is limited by impedance 
unbalance between the two lines involved, or between the two 
lines and their balancing networks. The theory of probability 
finds here a natural field of application beeause the impedance 
unhalance mentioned arises mainly, or at least to a considerable 
extent, from numerous random internal irregularities in the 
structure of the lines, as will appear more fully in the following 
outlines of the two problems themselves. 


The first problem relates to periodically loaded lines or cables. 
These contain numerous small random irregularities consisting 
in slight ‘inequalities in the inductances and spacings of the 
loading coils. The individual departures are effectively un- 
known; but their arithmetic averages are known from coil 
manufacturing data and line construction data, and the proba- 
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bility laws to which they conform are known or else can be 
reasonably assumed. For such a loaded line, when already 
constructed, the problem is to calculate the probability that 
the line has an impedance departure less than a specified value. 
On the other hand, in the designing of such a loaded line, the 
probability problem is to predetermine the allowable average 
coil-inductance departures and spacing departures to meet the 
requirement consisting in a specified probability that the im- 
pedance departure will not exceed a specified value. . Such 
problems arose as long ago as the construction of the first trans- 
continental telephone line. 

The second problem relates to continuously loaded cables. 
Such a cable may comprise numerous short sections which 
are slightly unequal in their linear constants, owing to manufac- 
turing variations. If these sections are connected in a random 
sequence the probability problems are analogous to those out- 
lined in the preceding example. On the other hand, from a study 
of the measured constants of the individual sections it is possible 
to determine the best sequence of the sections to minimize the 
resultant impedance departure of the final cable. However, the 
securing of this optimum sequeneée involves additional expense 
besides delay. To decide whether these are justified, probability 
may be invoked in order to determine the probable impedance 
departure that would result if the sections were connected in a 
mere random sequence. Such a problem arose several years ago 
in the design and construction of the submarine cable between 
Key West and Havana. 

The two problems just outlined illustrate the fact that in a 
physical system so extensive as the Bell System there exists many 
classes of numerous physical elements such that the elements in 
any one class, while all nominally alike, actually differ from each 
other by smallrandom amounts in a statistical manner. Usually 
it is impracticable to know the numerous departures individually, 
and, even if they were known, it would usually be impracticable 
to compute their resultant effects of direct summation. But 
from the mere knowledge of a statistical index (such as the 
arithmetic average, for instance) and the statistical or proba- 
bility law to which the departures conform, the probable de- 
parture of the system ean often be calculated with relatively 
little labor. 

The third problem, which is quite different from the two pre- 
ceding, arises in radio transmission, and relates to the possibilities 
and limitations of selective circuits when employed for reducing 
“static” interference. Owing to the unknown, irregular, and 
random character of this type of interference, the problem is 
essentially a statistical and probability problem leading to an 
expression of results in terms of mean values. Such a treatment 
has yielded general deductions having practical significance, 
notwithstanding the meagerness of knowledge regarding the 
character and the frequency-distribution of static. Reference 
may be made to a paper by John R. Carson entitled ‘‘Selective 
Circuits and Statice Interference’? which was presented to the 
June meeting of this Institute in Chicago. (Trans. A.J. E.E., 
1924, page 789). 
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Synopsis.—The paper deals with the problem of obtaining the 
maximum output possible from a given amplifier tube, while keeping 
the distortion down to a negligible amount. _A tube can be rated 
for this purpose in terms of the watts output obtainable, when a sine 
wave voltage of as great an amplitude as can be advantageously 
ulilized, is applied to the grid. This maximum sine wave output 
is very much less than the rating of the same tube for oscillator pur- 
poses. Starting with a set of static characteristics for a given tube, 
the dynamic characteristic for any resistance load is readily plotted, 
and the power output and distortion can be read from the dynamic 
characteristic. A simple rule has been given by Mr. W. J. Brown 
for determining the best conditions of load resistance and grid bias 
for a given plate supply voltage. The best load resistance 1s shown 
to be twice the internal plate resistance of the tube. If the supply 
voltage exceeds a certain value, the application of the rules just 
mentioned would lead to excessive heating of the anode, and therefore 


a different procedure is followed, calling for greater grid bias and 
higher load resistance There is an advantage in using low im- 
pedance tubes. The balanced or push-pull circuit, while reducing 
distortion, will not make wp for failure to operate the tubes under 
proper conditions, nor will it greatly increase the permissible out- 
put per tube. The dynamic characteristic for a reactive load is 
not readily plotted, but for design pur poses it ts sufficient to determine 
the best operating conditions for a resistance load, and then make the 
impedance of the reactive load high enough to keep the plate current 
variations within the same limits as for the resistance load. An 
important application of the principles outlined here, is the design 
of radio telephone transmitters where serious distortion results 
from overworking the modulator tubes. For moderately deep 
modulation there should be from two to four modulating tubes for 
each oscillator tube. Certain details of design are discussed in 
the closing paragraphs. 


PROBLEM ENCOUNTERED IN POWER AMPLIFIERS 


N the design of an amplifier whose function is to 
bring voice or radio signals from bare audibility to 
comfortable head-phone intensity, the problem of 

distortion due to curvature of the tube characteristics 
is hardly a factor, or at least presents no difficulties. 
The principal concern of the designer is to obtain a 
large ratio of amplification per stage, and to avoid 
serious inequalities in the amplification for different 
frequencies within the required range. When we de- 
sign an amplifier to operate a loud speaker or to modu- 
late a radio transmitting set the problem takes on an 
entirely different aspect. A sensitive loud speaker in 
a small room needs something like a hundred times as 
much power as a pair of head phones, and here we en- 
counter serious distortion if we attempt to use small 
tubes or low plate voltage, especially if we push the 
intensity above a very moderate value. We have 
reached the power limit of the last tube. By raising 
the plate voltage and increasing the negative bias on 
the grid we can raise the power limit and get louder 
speech or music of good quality, provided we do not 
exceed the limit of allowable plate voltage, or plate 
watts and provided there is ample emission from the 
filament. If we need still more power, we must go to 
a larger tube, or use several tubes in multiple. Ampli- 
fiers the design of which is concerned chiefly with the 
amount of power obtainable from the final stage, are 
of the class which we are here designating as “power 
amplifiers.” 


SINE WAVE RATINGS 


The relative power obtainable from various vacuum 
tubes may be estimated in terms of their power outputs 
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of sine-wave alternating current, a sine-wave alter- 
nating voltage being impressed on the grid in each case. 
The magnitude of the grid voltage required is usually 
of secondary consideration, since it represents no power 
consumption and is a small factor in determining the 
total size and cost of the amplifier. 


COMPARISON WITH OSCILLATOR RATINGS 


‘Power tubes as sold are usually given a rating in 
watts. This rating represents the high frequency out- 
put when the tube is used as an oscillator. The power 
available from the same tube with the same plate volt- 
age is much less when distortionless amplification is 
required, for the reason that in the amplifier, operation 
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Fic. 1—Compartson or Workina Rance or OsciLLatTor 
AND AMPLIFIER 


must be confined to a portion of the characteristic 
which is straight, or substantially so, while the oscilla- 
tor has no such limitation. Thus we find that a tube 
rated at 250 watts output as an oscillator can supply 
only about 22 watts of sine-wave output as a straight- 
line amplifier at the same average plate voltage. Fig. 1 
shows the relative working range on a small scale. It 
will be noticed that the amplifier range is shown as 
limited to negative-grid voltages. If the grid is allowed 
to become sufficiently positive (with respect to the nega- 
tive end of the filament) to take an appreciable electron 
current, it imposes an irregular load on the preceding 
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tube which causes wave form distortion. In other 
words, it is necessary not only that the plate-current vs. 
grid-voltage characteristic be a straight line but the 
grid current vs. grid voltage characteristic must be 
straight over the working range as well, and the only 
straight part of any considerable length is where the 
grid current is zero. 


NECESSARY MEASUREMENTS 


The first concern in the design of a power amplifier 
is the choice of the tube for the power stage, and the 
determination of operating conditions. This involves 
a study of the straight line ratings of the tubes under 
consideration. Exceptfor certain precautions mention- 
ed in alater paragraph we may safely ignore the effects 
of electrode capacities in an audio frequency amplifier. 
We can then calculate the performance of a tube from its 
“static characteristics,’”’ or the voltage-current relations 
obtained point by point by means of meters. The 
characteristics required are a set of curves showing the 
plate current as a function of grid voltage, each curve 
corresponding to a designated plate voltage. Fig. 2 
shows the static characteristics for a certain tube having 
an oscillator rating of 250 watts. The series of plate 
voltages chosen should preferably be at uniform inter- 
vals, and sufficiently near each other to give ten or 
more curves, ranging from about one-fourth to double 
_ the average voltage at which the plate is to be worked. 
The curves for high voltage need not be carried to 
high-current values. Some of the points will have to 
be taken by closing the switch and taking the readings 
before the plate has had time to become excessively 

heated. 


DYNAMIC CHARACTERISTIC 


The simplest circuit to analyze is that shown in Fig. 
3, in which the alternating current output of the tube 


+20 +40 +60 +80 +100 
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Fig. 2—Sratic AND DyNAmiIc CHARACTERISTICS OF THREE 
ELECTRODE TUBE 


is used up in the resistance through which the direct 
current is fed to the plate. While this does not appear 
to represent the conditions of a practical circuit, we 


shall find that the conclusions reached in this case are 


applicable to the commonly employed circuits shown 
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in Fig. 9. and 10. The only essential difference is that 
in the latter circuits the average plate voltage is practi- 
cally the same as the supplied voltage. 

For the present, considering that the circuit*is as 
shown in Fig. 3, let us find from Fig. 2 the operating 
characteristic or “dynamic characteristic’ for some 
assumed value of external resistance R, and supply 


DETERMINING RATING OF 


Circuit 
AMPLIFIER TUBES 


Fie. 3—SImMePLe FOR 


voltage E;; for example, R = 5000 ohms and EH, = 
2500. If the grid voltage is given such a value that 
the plate current is 0.1 ampere, the voltage at the plate 
will be 2500— 0.1 x 5000 = 2000. Similarly, 2200 
volts at the plate corresponds to 


He EH? _ 2500 — 2200 
R z 5000 


2400 volts corresponds to 0.02 amperes and 1800 volts to 


700 

5000 
Points are plotted for these values of current on the 
corresponding voltage curves, and a curve through the 
points as shown in Fig. 2, is the dynamic characteristic 
for the conditions assumed. It will be noticed that 
while the dynamic characteristic or working curve 
is straighter than the curves for constant plate voltage, 
it begins to bend decidedly at low current values, where 
the other curves turn most sharply. Thus, to keep the 
wave form distortion within proper limits, the minimum 
current must not fall below a certain value. In the 
present case we will take 0.02 amperes as the minimum 
current.. This corresponds to 2400 volts on the plate 
and — 96 volts on the grid. The other end of the work- 
ing range is zero grid volts, which, from the curve, is 
seen to correspond to 1500 volts at the plate and 0.2 
amperes. A current varying from 0.02 to 0.2 ampere — 
is equivalent to a direct current of 0.11 amperes, with a 
superimposed alternating current of 0.09 ampere 


= 0.06 amperes, 


= (0.140 amperes. 


maximum or = 
AL 2 


ampere effective value. Similarly 


the voltage varying from 1500 to 2400 is equivalent toa 


1500 + 2400 


direct voltage of 5 = 1950, and an alternat- 
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2400 — 1500 


ing voltage of 5 = 450 volts maximum or 


And the a-c. power consumed 
0.09 450 0.09 x 450 
Vie er. oe 2 


The calculation of power may be 


450 ./2 volts effective. 


in the resistance R is 


=) 20:25" waits. 


abbreviated to 
(Eves a Eigeen) (Cl one Zz Tenet) 


8 


2400 — 1500) (0.2 — 0.02 
= ee a = 20.25 


ESTIMATE OF DISTORTION 


In calculating the power, no allowance has been made 
for possible errors introduced by the fact that the 
characteristic is not truly a straight line. Fig.4,Curve 
I, shows the current wave resulting from impressing a 
sine wave voltage on the grid, varying from 0 to — 96 
volts, or in other words, biasing the grid — 48 volts and 
swinging its potential 48 sine wt. volts. If we draw a 
straight line II, on Fig. 2, falling as much below Curve 


0 40 80 120 160 200 240 280 320 360 400 


Fig. 4—Ouvrrut CurrENT WAVE COMPARED WITH TRUE SINE 
Wave : 


I at the ends as it is above it at the middle, and draw 
the corresponding wave form on Fig. 4, we have a true 
sine wave II. The difference between the two curves 
is almost totally a double frequency component with 
an amplitude 0.056 of the fundamental. Thus Curve 
II is the fundamental component in Curve I, and its 
amplitude is 0.09 amperes, or just what was assumed 
in calculating the power. In general, where the curva- 
ture is all in one direction as is true in nearly all cases 
in the present problem, the wave-form distortion con- 
sists principally in the production of even harmonics, 
and if only even harmonics are present, the difference 
between the maximum and minimum current is twice 
the amplitude of the fundamental. In addition to the 
20.25 watts of fundamental-frequency power supplied 
by the tube to the resistance R, there is a small amount, 
0.0006 watts, of higher frequencies. 

If the working characteristic, Curve I, Fig. 2, has a 
practically uniform rate of change of slope, or, in other 
words, if it can be represented by a piece of a parabola, 
the only harmonic produced is the second or double 
frequency, and its amplitude is given by the amount 
by which the Curve I falls below the straight line II, 
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at the center and rises above it at the ends. For sim- 
plicity, it seems desirable to compare curvatures on the 
basis of the maximum deviation of the working curve 
from a straight line, and since a very close approxima- 
tion to the actual curve can usually be made by a sec- 
tion of parabola, this deviation may be expressed as the 
percentage of second harmonic produced, taking the 
amplitude of the fundamental wave as 100 percent. In 
Fig. 2, Curve I is 0.005 amperes below Curve II at the 
center, and the same amount above it at the ends, so . 
that the second harmonic has an amplitude of 0.005 
amperes, as against 0.09 amperes for the fundamental. 


0.09 


straight line were drawn between the ends of Curve I, 

it would be 0.01 amperes above Curve I at the middle, 

and the ratio of this to the total current range is 
0.01 
0.18 


draw the straight line. 
to the fundamental is 


The ratio is = 0.056 or 5.6 per cent. If the 


or again 5.6 per cent. It is unnecessary to 


The ratio of second harmonic 


ee ae Hen) a: Io 


2 jpflLers OND wet ce 
Lies a dL waites ; - 0.18 a i 
in which Jy is the plate current corresponding to the . 
, ie 0 + 96 ; 
mean-grid voltage, which is oat To en 48 volts in 


this case. 

It is sometimes more convenient to find the deviation 
of the curve from the straight line connecting its ends, 
by a horizontal instead of a vertical measurement at the 
middle. This horizontal deviation (expressed in grid 
volts) divided by the total grid swing should give the 
same result as the vertical deviation divided by the. 
total current swing, provided the curve is parallel to 
the straight line at the middle. In this case the middle 
value for plate current is 0.11 amperes which, on Curve 
I, corresponds to — 43 volts grid, and the relative magni- 
tude of the second harmonic by the grid voltage 
48 — 43 

96 
within the limits of accuracy in reading the curves. 

If the wave form distortion just calculated is con- 
sidered more than allowable, it may be reduced by 
shortening the range, especially by raising the minimum 
plate current. For example, if the grid voltage varies 


only between zero and — 88 volts the other conditions 
remaining the same, we shall have 


measurement is = 0.052. The discrepancy is 


i, Ep Ip 
0 1500 0.2 I maz 
— 88 se H50)] 0.038 I min 
— 40 1925 Oe ¥% (Imac + I min) 
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Power = \% (850 X 0.17) = 18 watts 
‘ ; 0.0075 
Second harmonic ratio = weet ues 0.044 by current 
values, or 
2 0.0455 b id 
gg = 0 y gril 
voltages. - 


EFFECT OF HIGHER LOAD RESISTANCE 


Let us next try a higher resistance load, 10,000 ohms, 
raising the supply voltage to 2800, so that with 0.08 
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Fig. 5—Dynamic CHARACTERISTICS WITH VARIOUS VALUES 


oF Loap RESISTANCE 


ampere flowing, the plate voltage will be 2000. This 
gives a point on Curve I of Fig. 5, where the character- 
istics of the same tube have been redrawn. A change 
of 200 volts at the plate corresponds to a current differ- 


200 
10,000 


2000 volt and 0.08 ampere point we may plot the new 
dynamic characteristic by marking a series of points 
on the successive voltage curves, each point differing 
from the preceding one by 0.02 amperes. Again taking 
0.02 amperes as the minimum plate current, we find we 
can swing the grid between zero and — 105 volts, giving 


ence of = (0.02 amperes. Starting with the 


Ey Ey Ip 
0 1280 Oils, I maz 
— 105 2600 0.02 I min 
— 49 1940 0.086 % (I maz + I min) 
— 52.5 1980 0.082 T, (for mean E,) 


Total current range 0.182 amperes 
Total voltage range 1320 volts. 
Power \% (.1382 & 1320) = 21.8 watts 


0.086 — 0.082 


Second harmonic ratio 0.132 = 0.03 by cur- 
rent values 

52.5 — 49 

a (youre 0.033 by 


grid voltage 
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The above figures are comparable with those taken 
from Curve I Fig. 2, on the basis of substantially the 
same plate voltage when the grid is at its mean potential. 
Two results of going to a higher load resistance should 
be noted; there is more power output, and, for the same 
value of minimum plate current, the wave form dis- 
tortion is less. The internal resistance of the tube is 
about 5000 ohms, and that more power should be 
delivered to a 10,000-ohm load than to a 5000-ohm 
load may seem at first surprising to those who are 
accustomed to think in terms of impedance fit. Witha 
fixed grid swing the 5000-ohm load would receive the 
greater power, but with the high impedance load, the 
grid may be swung farther before distortion becomes 
serious. The common practise of applying a voltage to 
the grid (from an oscillator, microphone and amplifier, 
or radio receiving set)—and then varying the load im- 
pedance by trying various transformer ratios and select- 
ing the tap which gives the loudest response,—is mis- 
leading. A tap which gives weaker response than the 
maximum may, when the input is readjusted, enable the 
amplifier to put out more power without distortion. 


BEST CONDITIONS WHEN VOLTAGE IS LIMITED 

Mr. W. J. Brown! has given a simple rule for selecting 
the best load impedance and working range for the case 
where the mean voltage on the plate is limited to a cer- 
tain value, and also a proof that the maximum power 
will be received by a load resistance equal to twice the 
internal resistance of the tube. In Fig. 6, F D is the 
minimvm value of plate current, below which the curva- 
ture becomes excessive; A B is.the plate current curve 
for a constant plate voltage equal to the mean plate 
voltage assumed in the problem, and EF C is the working 
curve. The constant voltage, curve GC, corresponds 


Fic. 6—Diacram Inuustrating Mertruop or D5TERMINING 
Best OpERATING CONDITIONS 


to the minimum voltage, and FE H to the maximum. 
The voltage amplitude is r (B C) where r is the internal . 
tube resistance, and the root-mean-square alternating 


1 
voltage is V2 r(BC). The measurement CD is 


equal to twice the current amplitudes, or the root-mean- 


square alternating current is 3 V2 (CD). The pro- 
1. Discussion, Symposium on Loud Speakers, Proceedings 
of London Physical Society, Vol. 36, Part 3. April 1, 1924. 
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duct of the r. m. s. voltage and current, or the power, is 


1 1 
equal to MRD) = = (BC) (CD) 


/2 2/2 


Since the measurement BD is fixed, the product 
(BC) (CD) is a maximum when BC = CD or C is 
located half way between D and B. The value of the 
voltage amplitude 
current amplitude 


est» nal resistance is equal to 


r (BC) : 
= ——— = 2rwhen BC =CD. The location of 


i\ 
—(CD 
a | ) 


the point C and the value of the load resistance deter- 
mine the working characteristic # C, and its inter- 
bias. section with A B determines the proper value of grid 

In the foregoing it is assumed that r is constant, but 
since this is not the case the result is only an approxi- 
mation. For larger currents r is less than for small 
currents, and the value of r in the relation,—voltage 
amplitude = r(B C), changes with the location of 
C. Withra function of the position of C, the condition 
for maximum product r (B C) x (C D) is no longer that 
BC shall equal C D. The shape of the characteristics 
above the level of the point C can have no bearing on 
the operation. It would appear logical to use a value 
of r corresponding to currents between F D and FC 
and to locate the point B as if the same value of r held 
for the higher currents. This means simply to draw 
the upper part of the line A B straight, maintaining a 
slope equal to that in ‘the working range AJ. This 
point is brought out not because the error in the method 
described by Mr. Brown would, in general, be serious, 
but because in many cases the upper parts of the curves 
A B are more difficult to obtain experimentally or data 
to plot them may be lacking. As in many other prob- 
lems involving maxima, precision is not required here, 
the output remaining nearly the same through a wide 
range in load resistance. 


LIMITATION SET BY ANODE Loss 

We have so far considered the case where the mean 
plate voltage is limited, for example by the available 
supply, but where no other limitation is imposed. If 
the supply voltage can be raised sufficiently to enable 
the tube to put out all the power of which it is capable 
the limit of output may be set either by the power which 
can safely be dissipated from the plate, or by a combina- 
_ tion of plate dissipation and insulation. For voltages 

below a certain value the rule illustrated in Fig. 6 is 
applicable. Applying this rule, the output goes up very 
fast with increase of voltage, and the average power 
supplied to the plate also increases rapidly. For 
example, Curve I of Fig. 5 is for a mean-plate voltage of 
2000 and gives 21.8 watts output and 162 watts, plate 
loss. Curve II is for 2400 volts and gives 40.8 watts 
output and 250 watts plate loss. This is the maximum 
plate loss which we may safely allow for the tube in 
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Up to this point the mean plate current has 
For higher 


question. 
been increasing with increase of voltage. 
voltages the current must be limited to 


Permissible plate loss 
Mean plate voltage 


The mean plate voltage and plate current determine 
the grid bias. Since the grid voltage may swing to 
zero in the positive direction, the extreme negative 
swing will be twice the bias. The minimum value of 
plate current and the extreme negative grid potential 
fix the lower end of the working characteristic and the 
maximum plate voltage. Thus we have the voltage 
amplitude and the current amplitude, from which we 
find the load resistance and the power output. Refer- 
ring again to Fig. 5, if the mean plate voltage is 3000, 


250 watts 
3000 volts 


amperes. On the 3000 volt curve we find that the grid 
bias corresponding to 0.0833 amperes is — 103 volts. 
The grid may then swing between zero and — 206 volts. 
The plate voltage corresponding to 0.02 amperes, 
assumed minimum current, and — 206 grid volts is 
4700. Then the voltage amplitude is 4700 — 3000 = 
1700, the current amplitude 0.08383 — 0.02 = 0.0633, 


the mean current is limited to 0.0833 


the load resistance = 26,800 and the power 


sia Oe 
0.0633 


1700 X 0.0633 
OUUDUGSr: sass ee 
2 
resistance known the working curve may be drawn. If 
its intersection with the zero grid volts axis shows that 
the current and voltage swing during’ this half cycle is 
greater than during the other, there will be a correction 
to the power calculation. In this case the maximum 
current is 0.148 amperes and the minimum voltage is 
1250. The revised power calculation is then 


(4700 — 1250) (0.148 — 0.02) 
8 


is small-as in this case it is hardly necessary to draw the 
curve, the first calculation being sufficiently close. 

If experimental characteristics at the extreme high 
voltages are not available, substantially the same result 
may be obtained if the curvature is slight, by locating 
the upper end of the working characteristic, which will 
be on the zero grid volts line, and with a plate current 
value as much above the average, as the minimum is 
below. If there is considerable curvature it is better to 
follow the first method, drawing in additional constant 
voltage curves by extrapolation if necessary. For- 
tunately for the ease of extrapolation the constant volt- 
age characteristics are substantially alike in shape, 
and each is displaced horizontally from the next by the 
voltage interval divided by the amplification constant 
of the tube. 


54 watts. With the load 


If the curvature 


= 50. 
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That the method just described will give the greatest 
possible power output for the voltage and mean plate 
current assumed, may be seen from the following. In 
swinging the grid from zero to twice the bias, we are 
using the largest grid swing allowable, increasing the 
bias without raising the plate voltage would give only 
a small inerease in grid range, but a large reduction in 
current amplitude. Any lower load resistance would 
cause the lower end of the working curve to fall below 
the permitted minimum plate current, and therefore 
give distortion. Any higher load resistance with the 
same grid swing would decrease output, because we are 
already using a resistance much higher than the internal 
resistance of the tube, and it is a general principle that 
with a given grid swing, the more nearly the load 
resistance can be made to approach the tube resistance 
the greater will be the tube output. 


The following table shows how the output of the tube 
with characteristics given in Fig. 5, varies with the 
voltage of the plate supply. The voltage E> given in 
the first column is the plate voltage when the grid is 
at its bias potential, and J, is the corresponding plate 
current. 


Output 
Plate Am- Second 

Plate Am- peres | Volts Har- 
Volts | peres | Grid | Plate | Max. Max. Load | monic 

Eo lo Bias | Loss | A.C. A.C. | Watts |} Resist | Ratio 
1980 |0.082: | —52.5] 162 |0.066 660 21.8 10,000 | 0.03 
2460 |0.10 — 71 246 | 0.085 960 40.7 11,250 | 0.03 
3000 | 0.0833 | —103 | 250 |0.064 1725 55 26,800 | 0.0052 
4000 |0.0625|-—157 | 250 |0.0425| 2970 63 70,000 
5000 10.05 —210 250 | 0.03 137,000 


4120 62 


Since the tube is not designed to withstand more than 
approximately 2500 volts, the maximum output which 
can be realized is 41 watts. The purpose of carrying 
the calculations to higher voltages is merely to illus- 
trate the method of determining load impedance and 
output when plate loss rather than plate voltage is the 
limiting factor, and to bring out certain relations. In 
the above table the minimum current has been taken 
throughout as 0.02 amperes, although in view of the 
fact that distortion is less with the high resistance loads, 
the lower limit of current might properly have been 
reduced. Had this been done the maximum output 
would have occurred at a still higher voltage. If we 
permitted the minimum current to go to zero it would 
have appeared that the output increased indefinitely 
with increase of voltage. This is because the voltage 
also cannot go to zero. The power output of the tube 


1 1 
is 3 (Lo — I min). (Eo — E min) which becomes 2 Ip (Ey — 


1 . iL 
E nin) = @ Fo Bo — 2 Paks sas if f estes is zero. As the 
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voltage is increased, the supplied watts E, J, being 
maintained constant, J, becomes less and also E’nin, SO 


1 
that the output approaches 3 Ty Eo. 


LIMITING VALUE OF OUTPUT 


If the tube impedance is lowered by using coarser 
grid mesh or closer electrode spacings, E) can be lowered 
and a greater output obtained. If we imagine a tube of 
such low impedance that the voltage could go to zero, 


1 
as well as the current, the output would be = 


2 Eolo, or 


one-half the permissible plate loss; and if the latter is 
kept constant, the output would be independent of the 
voltage chosen. In practical cases, it appears in general 
that, for a given value of plate loss, the lower the tube 
impedance and the higher the supplied voltage, the 
greater will be the output, and for most efficient use, a 
power amplifier tube should be worked at the highest 
voltage compatible with good life. 


OUTPUT SUBTRACTS FROM PLATE LOSS 


The average power EF, Jy, supplied to a straight line 
amplifier tube, is the same whether an alternating volt- 
age is impressed on the grid, or the grid potential re- ~ 
mains stationary at the bias value. When the tube is 
operating into a resistance load, the plate loss is re- 
duced by the amount of the useful output. However, 
this does not make it permissible to make EH J, greater 
than the allowable plate loss, for amplifiers do not 
operate with any fixed grid swing; and even if an ampli- 
fier should be used for constant tone production the 
alternating voltage might go off at any time. Nor 
should it be inferred that in all amplifiers the plate loss 
will go down when an alternating voltage is applied to 
the grid. If there is much curvature or the swing is 
excessive, the average current will generally increase, 
and if the load is of low resistance there will be little 
power absorbed in the load to offset the increase in the 
supplied watts. Under such conditions the plate loss 
may increase when alternating voltage is applied to 
the grid. 


PERMISSIBLE DISTORTION 


In comparing various tubes for a given purpose or in 
assigning power ratings to tubes, it would be logical to 
set a limiting value of distortion. For scientific or 
measurement work the distortion permitted would de- 
pend on the nature of the work. On the other hand for 
the reproduction of speech or music it does not seem 
possible to assign any general rule as to how much dis- 
tortion should be permitted, nor to give any simple 
criterion for setting a limit. There is good reason to- 
believe that the response of the ear is not linear, or, in 
other words, that harmonics are produced in the ear 


308 


itself?. This being the case, the ear would not be crit- 
ical toward the production of overtones in the amplifiers. 
On the other hand, if the working characteristic is 
fairly straight over a certain range and then turns quite 
sharply, an impairment of quality is quickly noticed 
if the grid swing exceeds that which corresponds to the 
straight part of the characteristic. It would appear 
that much greater deviation from a straight line can be 
allowed if the curvature is practically uniform, than if 
the characteristic turns abruptly. While it does not 
seem possible to set a limit to distortion, applicable to 
all tubes, the practical limit in a particular case does 
not seem difficult to decide upon. For example, in 
the case of the tube whose characteristics are shown in 
Fig. 5; if we assume E) to be 2500 volts and the plate 
loss not ‘to exceed 250 watts, we can assign various 
values to the minimum current and find the maximum 
power obtainable for each case. A low minimum cur- 


rent means a considerable curvature allowed, but per- ° 


oO 


> 


~ 


PERCENT SECOND HARMONIC 
w 


0 


0 
0 0.01 0.02 0,03 0.04 


AMPERES 
BETWEEN DistorTION AND MINIMUM 
CURRENT 


Fic. 7-—RELATION 


mits more power to be obtained. Fig. 7 shows the 
power output and the distortion as functions of I min. 
It will be noticed that below about 0.02 amperes, the 
gain in output is slow and the increase in distortion is 
rapid. Analysis of a number of practical tubes indi- 
cates that it is rarely necessary to permit more than 
about 5 per cent distortion in order to realize about all 
the useful output of which the tube is capable. 


PUSH-PULL CIRCUIT 


In this connection, the question naturally arises 
whether the working range can be increased by use of 
a “push-pull” circuit, like that shown in Fig. 8. Sucha 
connection balances out the even harmonics if the tube 
characteristics are alike, and is, therefore, a possible 
means of reducing distortion. The gain in output per 
tube, however, is small. Referring to Fig. 5, Curve II, 
we see that, for the range shown the curvature is very 
slight, but we cannot extend the curve on the lower end 
without its turning horizontal, nor on the upper end 


2. ‘Sensation of Tone” by H. L. F. Helmholtz (Edition of 
1877), Chapter VII. Quantitative measurements supporting 
this theory are given by R. L. Wegel and C. E. Lane, Physical 
Rev., Feb. 1923. “Auditory Masking of One Pure Tone by 
Another.” é 
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without driving the grid positive. Trying to drive the 
grid positive causes a distortion of the grid voltage wave 
which has the same effect on the plate current as if the 
grid voltage wave were not affected, but the working 
characteristic turned toward the horizontal to the right 
of the zero-grid-voltage point. A working character- 
istic which bends toward the horizontal at both ends, 
or in other words, has a reversed curvature, causes odd 
harmonics in the output current wave, and the balanced, 


Fig. 8—BALANCED OR PusH-PULL AMPLIFIER CIRCUIT 


or push-pull circuit, does not neutralize odd harmonics. 
While the push-pull circuit does not make it permissible 
to increase the working range of the tubes appreciably, 
there are cases in which it is advantageous. For some 
scientific work, it is important to reduce all distortion 
to the minimum, and if the tubes are worked over a 
very moderate range so that only the double frequency 
harmonics are produced, the balanced circuit can be 
made to practically eliminate the distortion. It pos- 
sesses a practical advantage in that the direct currents 
in both halves of the output transformer winding, 
balance each other magnetically, thus reducing the ~ 
tendency to saturate the core, and making a lighter, 


Load 


Fig. 9—RESISTANCE CAPACITY COUPLED AMPLIFIER WITH 
CHOKE CorLt-CoNDENSER F'EED TO LoApD 


smaller design of transformer possible. As against 
these advantages, the push-pull circuit calls for an inter- 
stage transformer which introduces some distortion. 


LOAD CIRCUITS 


Figs. 9 and 10 show connections frequently used for 
the output of power amplifiers. In Fig. 9, the choke 
coil must have a high reactance compared with the 
tube and load resistance, and the stopping condenser 
must have a low reactance compared with the load 
resistance, for all frequencies in the working range. 
Otherwise, distortion will result, the low frequency 
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currents being partially suppressed either by excessive 
reactance in the condenser, or too much leakage 
through the choke. With a properly designed circuit, 
we may think of the choke as maintaining a constant 
direct current equal to the average plate current, I, 
while the condenser offers a _ practically constant 
counter-electromotive force equal to the average plate 
voltage Hy. Now, suppose that the plate current 
changes momentarily to IJ,)—7. Since the current 
through the choke remains constant, the difference or 7 
amperes must flow through the load. The potential 
at L then becomes + 2R which, added to the strain 
E) on the condenser, brings the potential at P to 
FE, +7. Similarly, when the plate current is I) + 7 
the load current is reversed, the potential at Lis—727R 
and at P is H,—7R.~ It will be recognized that 
from the standpoint of the tube, this condition dupli- 
cates that illustrated in Fig. 3, the only difference being 


Plate Supply 
+ 


Fic. 1O—TRANSFORMER CouUPLED LOAD 


that in Fig. 8, the supply voltage would have to be Ey) + 
I, R in order to maintain the average voltage Ey at the 
’ plate. The conditionsmetin the transformer connection 
of Fig. 10 are similar. An idéal transformer with a 
resistance R connected to its secondary terminals 
introduces into the primary circuit, an effective resist- 
ance for alternating currents equal to R multiplied by 


the square of the ratio of primary to secondary turns, 


but for direct current, it introduces only the ohmic 
resistance of the primary winding. The practical trans- 
former, if properly designed to avoid distortion, gives a 
close approximation to the relations just stated. The 
magnetizing current must be small compared with the 
with the load current at the lowest frequencies with 
which we are concerned, and the series reactance due to 
leakage flux must be small compared with the load 
impedance for the highest frequencies considered. 


REACTIVE LOADS 


We have so far considered only pure resistance loads. 
The dynamic characteristic for a tube with a reactive 
load is not readily plotted, but its general form can be 
shown and the conditions for avoiding distortion as 
found for the case of resistance load are applicable to 
the reactive load. If there is reactance in the load, the 
dynamic characteristic becomes elliptical in form; a true 

ellipse if the constant voltage curves are straight over 
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the range between maximum and minimum current, 
and a distorted ellipse if there is appreciable curvature 
within this range. It is generally possible to adjust 
the load impedance to any desired value, either by 
means of a transformer, or by changing the number of 


‘turns in the windings of the instrument which consti- 


tutes the load. Such changes do not materially alter 
the power factor. In fitting a reactive load to the am- 
plifier tube, the procedure recommended is first to 
determine for the case of a resistance load, the load 
resistance, plate voltage, grid bias, and grid swing for 
maximum output; then using the same plate voltage 
and grid swing, make the load impedance such that 
the maximum and minimum values of plate current will 
be the same asin the case of the resistance load. This 
means making the vector sum of load impedance and 
tube plate resistance the same for the two cases’. If 
these conditions are complied with, the principal sources 
of distortion are avoided, namely, swinging the grid 
positive, and working with too low minimum 
currents. 

Since load impedances are functions of frequency 
and audio frequency amplifiers must operate properly 
for a wide range of frequencies, the question arises at 
what frequency should the load impedance have the 
value which has been determined as suitable? . The 
only safe rule is to make the calculation for the fre- 
quency at which the load impedance is lowest. Ex- 
ception might be made in case currents of the frequency 
in question were known to be of low intensity compared 
with those of other frequencies. For example, most 
telephone receivers and loud speakers have lowest 
impedance at low frequency. A case might arise in 
which it was known that the low frequency components 


in the currents to be amplified were weak as compared 


with those of higher frequency. It would then be 
permissible to determine the load impedance at a higher 
frequency. But such a situation is difficult to imagine. 
When pains are taken to build a distortionless amplifier, 
it is only reasonable to assume that the remainder of 
the system would be designed with a view to mini- 
mizing distortion, and since the greater part of the 
energy in both voice and most music, is carried by the 
lower tones, the amplifier would be called on to handle 
the largest amplitudes at low frequency. 


MOopULATION OF RADIO TRANSMITTERS 


Fig. 11 shows the modulator and oscillator tubes of a — 
radio telephone transmitter. There are many possible 
arrangements of the oscillating circuits, but the means 


3. The alternating current in the plate circuit is equal to 


(alternating grid voltage) (amplification constant of tube) 
(vector sum of load impedance and tube resistance) 


For derivation of this relation see ‘“The Thermionic Vacuum 
Tube” by H. J. Van der Bijl, pages 157 and 177. See also pages 
175 and 176 for discussion of form of dynamic characteristic 
with reactive load. 
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for varying the intensity of the oscillations or “modu- 
lating’ them is, in most cases, like that shown in Fig. 11. 
The large inductance, L,, keeps the total current con- 
stant, while the function of the small inductance, Lp, 
prevents absorption of radio frequency power by the 
modulator tube. When the grid of the modulator 
tube swings toward positive the plate takes more cur- 
rent, leaving less current available for the oscillator, and 
the voltage drops, causing a reduction in the amplitude 
of the oscillations. Similarly, when the grid of the 
modulator swings negative, the voltage rises and the 
oscillation amplitude increases. 

If the voltage supplied to an oscillator is varied and 
the current read and plotted, the relation in general is 
found to be represented by a straight line over the 
range for which the oscillations are stable. Therefore, 
the oscillator is equivalent to a resistance load on the 
modulator tube. If the time of discharge of the grid 
condenser is appreciable compared with an audio cycle, 


+ High Voltage Supply 


Se 
5 
Audio me 
Amplifier 4 


UTI 
Fig. 11—Rapio TELEPHONE TRANSMITTER SHOWING MurtTHop 
oF MopvutatTion 


a reactive component is introduced and the effective 
resistance of the oscillator will be less for high than for 
low frequencies, but with properly proportioned grid 
leak and condenser, the oscillator is practically a pure 
resistance. From the standpoint of the modulator tube 
the circuit then becomes equivalent to that shown in 
Fig. 9, with the blocking condenser omitted and the 
current through the choke increased by the amount of 
the average direct current taken by the oscillator. 


The type of oscillator and supply voltage having 
been chosen, the design of the modulating system in- 
volves first the determination of the effective resistance 
of the oscillator. This may be found by varying the 
voltage and measuring the change in supplied current 
corresponding to a given change in voltage. The effect- 
ive resistance depends, among other things, upon the 
grid leak, antenna resistance, antenna coupling, and 
filament current; and if any of these factors are changed, 
a new measurement of resistance will be necessary. 

The modulator tube or tubes must work at the same 
mean-plate voltage as the oscillator. The load resist- 
ance can be controlled within limits by changing the 
antenna adjustments, but if the full oscillator output is 
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desired, the principal means for obtaining a suitable load 
resistance must be to employ the proper number of 
modulator tubes compared with the number of oscillator 
tubes. Thus, doubling the number of modulator tubes, 
doubles the load resistance into which each modulator 
tube works. The load resistance per tube determines 
the slope of the dynamic characteristic, and its position, 
which for a given supply voltage depends on the grid 
bias, should be so chosen that when the grid reaches a 
negative potential equal to twice the bias, the. plate 
current will have the minimum value permissible in 
view of curvature of the tube characteristics. The 
voltage range covered by the dynamic characteristic 
shows the percentage modulation of the oscillations 
which can be accomplished without exceeding the proper 
range of the modulator tubes. For illustration, let 
us suppose that we wish to modulate a 250-watt oscil- 
lator, operating at 2000 volts, and showing an 
effective input resistance of 8000 ohms. First, we may 
try a single modulator tube of the type represented in 
Fig. 5, taking 0.02 amperes as the minimum plate cur- 
rent. To find the proper grid bias, we might draw 
several parallel curves, each corresponding to an 8000- 
ohm load resistance, and choose the one which gave 
equal voltage swings above and below 2000, but it is 
simpler to try several values of grid bias, in each case, 
assuming that at double the bias voltage, the plate cur- 
rent is cut down to 0.02 amperes. Find what. load 
resistance this would mean, and pick the grid bias 
which corresponds most nearly to the actual load 
resistance. For example, referring to Fig. 5, a bias of 
— 50 volts with 2000 volts on the plate gives 0.095 - 
amperes plate current. A grid voltage of — 100 and 
plate current of 0.02 amperes corresponds to 2500 volts 
on the plate. A dynamic characteristic through these 


t ints would dig einen 
WoO points wou correspon O 0.095 — 0.02 = 
ohms. The trials may be shown in tabular form. 
E, Es, qa R 

== 50 2000 0.095 | 6,660 

— 100 2500 Oy, 

— ie kee e. £2000 0.079 11,800 

— 110 2700 0.02 

= 52 2000 Ogee 8,300 

— 104 2580 0.02 


The last value is close enough. An 8000-ohm dynamic 
characteristic passing through the point HF, = 2000, 
I, = 0.09, would intersect the 1400 volt line at J, = 
0.165, and the 1200 volt line at J, = 0.19. Connecting 
these two points gives the intersection with the vertical 
line overH, = OasJ, = 0.17and#H, = 1860. Therefore 
with one modulator tube, we could control the oscillator 
voltage down to 1360 and up to 2580. Owing to the 
slight curvature, equal grid swings do not give exactly 
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equal plate swings in both directions. Taking the 
average, which is 610 volts, we may say that the modu- 


a SO : : 
lation is ——— Heavier modulation 


2000 
should not be attempted with the one modulator tube. 
Characteristics of oscillating tubes show in general that 
through most of the stable range, the antenna current is 
a straight line function of the supplied voltage. This 
being the case, there is no distortion introduced at this 
stage except that due to the curvature of the modulator 
tube dynamic characteristic. This distortion is offset 
by the characteristics of the detectors used in receiving 
sets which rectify strong currents more efficiently than 
weak ones. Suppose, for example, that the rectified 
current is proportional to the square of the amplitude 
of the incoming waves, which law would represent 
fairly well the action of most detectors on weak signals. 
Then the relation between modulator grid potential 
and rectified receiver current would be as follows: 


or 30.5 per cent. 


Modulation grid voltage.............. O —-52 —104 
Voltage supplied to oscillator (propor- 

tional to oscillation amplitude)...... 1360 2000 2580 
Square of oscillator voltage + 10° (pro- 

portional to rectified receiver current). 1.85 4 6.65 


This shows a swing of 2.15 in one direction and 2.65 in 
the other. Had there been no curvature in the modu- 
lator tube characteristic and the plate voltage swung 
610 volts in each direction, the voltage square factors 
would have been 1.94, 4.0, 6.8, or a swing of 2.06 
in one direction and 2.8 in the other,—a greater wave 
form distortion than with the curved modulator 
characteristic. 

The next question is how much can we increase the 
modulation by adding a second modulator tube. With 
two modulator tubes, the load resistance for each tube 
is 16,000 ohms and we again find the proper grid bias 
by trial. 


Es Ey i, R 
— 60 2000 0.06 \ 22,500 
— 120 2900 0,025 )f 

— §7 2000 0.07 \ 15,800 
— 114 2790 0.02 


The 16,000-ohm dynamic characteristic through the 
point #, = — 57, J, = 0.07, intersects the FE, = 0 
axis at J, = 0.124, FE, = 1120. With a voltage swing 
of 790 volts in one direction, and 880 volts in the other, 


845 
the mean modulation is5,., = 0.422 or 42 per cent as 


2000 


compared with 30.5 per cent. with one modulator tube. 

With reduced supply voltage, the percentage modu- 
lation which can be obtained with a given number of 
modulator tubes is less. For example, if the supplied 
voltage is 1600 and the oscillator effective resistance 
again taken as 8000 ohms, we find that with one modu- 
lator tube and a bias of — 38 volts we can obtain a 


KELLOGG: DESIGN OF NON-DISTORTING POWER AMPLIFIERS 


311 


modulation of 27 per cent and with two modulators and 
a bias of — 42 volts, we can modulate 40 per cent. In 
both cases, 1600 and 2000 volts supplied, the addition 
of a modulator tube about doubles the audio frequency 
power which would be delivered by a receiving set. 

The question of how much modulation should be at- 
tempted is one which has been much discussed. It 
should be borne in mind that the 40 per cent modula- 
sion just calculated applies to the extreme peak values 
of the audio frequency waves, and with most speech or 
music it would represent an average modulation of less 
than 5 per cent, which is small compared with most 
radio telephone practise. In most receiving sets the 
rectified current varies as some function between the ~ 
first and second powers of the amplitude of the incoming 
high frequency waves, being approximately proportional 
to the square for small amplitudes and more nearly a 
linear function with stronger signals. With the type of 
transmitter circuit shown in Fig. 11, the aim is to make 
the envelope of the oscillation amplitude show the 
exact wave form of the original audio-frequency cur- 
rents. This would result in distortionless reproduction 
by a receiver having a straight line detector, or one giv- 
ing a rectified current directly proportional to the ampli- 
tude of the incoming radio frequency waves. Since 
practically no receivers have this characteristic, dis- 
tortion results, but as the percentage modulation is 
reduced, the distortion becomes less, until at 10 per 
cent modulation, it is of practically no consequence 
whether the receiver is a linear or a square law detector. 
This has been used as an argument for limiting the 
modulation to a very small value,—perhaps ten or 
twenty percent on the peaks. But there arearguments 
in favor of larger modulation, particularly if the pur- 
pose is to obtain the best possible reception with a given 
average radiated power. In the first place, the dis- 
tortion which results when, for example, a square law 
detector is used to receive fairly deeply modulated 
waves, does not appear to be of an especially ob- 
jectionable kind, and as already explained is partially 
offset by the distortion due to the curvature of the 
modulator characteristic. In the second place, there 
is a positive advantage in the use of moderately heavy 
modulation, in that the ratio of the desired sound to 
static and stray noises is better with large than with 
small modulation. People who have operated receiving 
sets will probably agree that the soft passages in musical 
numbers are rarely so satisfactory to listen to as the 
louder parts. The “‘blasting’ that frequently occurs 
in the loudest parts is due to exceeding the proper work- 
ing range of the modulator tubes, or to overworking 
some other part of the system, rather than to large 
modulation itself. 

It would appear, then, that a modulator capacity of 
two, or even four times the oscillator capacity would be 
desirable in the case of the tubes used in our illustra- 
tions. The degree of modulation which can be accom- 
plished is increased by use of low impedance tubes and 
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increases as the voltage israised, up to the point where it 
isnecessary to reduce the mean plate current of the modu- 
lator tubes below the value that would otherwise be 
assigned, in order not to overheat the plate. 


PLATE AND GRID AMMETERS 


It is desirable to design the earlier stages of a power 
amplifier with ample margin so that if any tube is over- 
worked, it will be the power stage. A very satisfactory 
indicator, to show when the intensity exceeds the 
straight line capacity of the amplifier, consists in a milli- 
ammeter in the grid circuit and a meter in the plate 
circuit. If the grid swings positive with respect to the 
filament, the grid meter will “kick” and perhaps the 
plate meter also, while too great a negative swing will 
cause a kick on the plate meter. Careful listening will 
reveal an impairment of quality which disappears as 
soon as the intensity is reduced to a point where the 
meters cease to show disturbance. Listening alone is 
not a satisfactory substitute since the distortion is not 
so quickly nor surely noticed, particularly in view of 
fatigue of attention, and if distortion is noticed, its 
origin might be elsewhere in the system. 


TUBES IN MULTIPLE 


The increased output from a power amplifier obtained 
by adding power tubes in multiple, is often disappoint- 
ing, the gain being slow compared with that which can 
be accomplished with increased voltage or with tubes 
of higher rating. However, there are cases in which it 
is desirable to use several tubes in multiple. With the 
load impedance already several times the tube resist- 
ance, which is the proper relation for maximum output, 
the addition of a second tube in multiple with the first 
would not give a perceptible increase in output, but if 
the load impedance is readjusted to half the previous 
value, twice the power output can be obtained, corre- 
sponding to about 40 per cent increase in sound ampli- 
tude, which is a noticeable, but not.a striking difference. 

When several tubes are connected in multiple, they 
may form an oscillating system and fill the tubes with 
high frequency oscillations. This is less likely to occur 
if the connecting wires are made very short, but with 
high power tubes, it is frequently necessary to employ 
some means of stopping the parasitic oscillations, such 
as an individual resistance or choke connected in series 
close to the grid of each tube. A few turns of wire on a 
small solid iron core will suffice, since such a choke 
introduces a high effective resistance at the extremely 
high frequencies concerned. 


INTERSTAGE CONNECTIONS 


With a supply of high voltage available, such as is 
necessary for the power tubes, the design of the pre- 
ceding amplifier stages is simple. Resistance-capacity 
coupling can be used with sufficiently high plate resist- 
ance to obtain three-fourths or four-fifths of the full 
amplification of the tube. Under these circumstances, 
and with high amplification tubes available, there 
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would be little argument for transformer coupling. In 
designing a resistance-capacity coupled amplifier, the 
following points must be kept in mind: 

1. The reactance of the coupling condenser at the 
lowest frequency to be passed, must be less than the 
grid leak resistance: 

2. No grid should swing positive with respect to the 
negative end of the filament, or, in other words, the 
grid bias must be greater than the extreme grid swing 
required. This does not apply to detector tubes. 

3. If the expected swing in plate potential of any 
tube is more than about 20 per cent of the average 
voltage on the plate or if the plate current is very small, 
the dynamic characteristic should be worked out to 
make sure of constant proportionality between plate 
and grid voltage swings. The load resistance is that of 
the plate-feed resistance and the grid leak of the next 
tube in multiple. 

4. If a battery of power tubes in multiple is em- 
ployed, so that the grids constitute a considerable 
capacity load, or if any of the earlier tubes have very 
high internal resistance, or are fed through very high 
plate resistances, calculation should be made of the 
magnitude of the capacity load at the highest frequency 
which the amplifier must handle. Owing to the simul- 
taneous swinging of the plate potential the effective 
capacity of a tube grid may be several times the grid 
capacity as measured with plate and filament grounded. 
The capacity reactance of the grid must be high com- 
pared with both the internal and external plate resist- 
ance of the previous tube; otherwise distortion may 
result, either because of reduced amplification of the - 
high frequencies, or because the actual dynamic charac- 
teristic is steeper than estimated (lower impedance 
load) with resulting curvature. 

With a common source of plate voltage for all of the 
tubes of a multi-stage amplifier, back coupling with con- 
sequent oscillations may occur through the plate supply 
line, if there is enough resistance in the supply so that 
the power-stage plate current affects the voltage of the 
supply line materially. If such back coupling occurs, 
the cure may be to secure a lower resistance supply, or 
to reduce the variations in the voltage fed to the earlier 
tubes, particularly the second tube preceding the power 
tubes, by filters or potentiometer connections. The 
filters, if of series resistance and shunt capacity, must 
be effective at as low a frequency as the lowest at which 
appreciable amplification takes place. Therefore, the 
filtering is simplified by designing the amplifier not to 
pass any frequencies lower than really required. 

To obtain a given voltage swing on the grid of the 
power tube may be easier with resistance connection 
than with an interstage transformer, in spite of the 
step-up ratio of the transformer. This is because even 
the best designed transformers drop to an impedance 
comparable with the tube resistance at high frequency 
owing to capacity on the secondary side, and at low 
frequency owing to magnetizing current. This low 
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impedance load on the tube may greatly reduce the 
plate voltage swing, obtainable without distortion. 


OuTPUT TRANSFORMERS 


If the output of the power stage goes through a trans- 
former, the design of the transformer follows the general 
principles of audio transformer design, of which the 
following is a summary: 

1. The impedance at the terminals of the tube is 
equal approximately to the load impedance multiplied 
by the square of the ratio of primary to secondary turns, 
and the turn ratio should be chosen to give the desired 
impedance at the tube. 

2. With the secondary open-circuited, then primary 
reactance should be at least equal to the effective load 
impedance on the primary side, at the lowest frequencies 
to be passed. 

3. The leakage reactance, found by measuring the 
reactance of one winding with the ether short-circuited, 
should below compared with the effective load impedance 
at the highest frequencies in the working range. 


4. The winding resistance loss should be low com- 
pared with the power supplied to the load. 


5. If the direct current component is sufficient to 
saturate the core, it will frequently be found that the 
same number of turns gives more inductance with an 
air-gap in the magnetic circuit than without. The air- 
gap should be just sufficient to prevent saturation. The 
inductance for a given number of turns is then practi- 
cally proportional to the core cross section, and a heavy 
transformer is the price of efficiency. If the required 
air-gap is very short, 0.002 in. or 0.005 cm. or less, there 
may be an advantage in using special high permeability 
core material, while with longer gaps, 0.010 in. or 0.025 
cm. or more, ordinary transformer steel is satisfactory. 


Discussion 


G. L. Bayley: I would like to ask the author if it is possible 
to make an amplifier self-exciting, very much like a d-c.. genera- 
tor. Is it possible to introduce resistance in the plate circuit to 
give a voltage drop, and to apply that drop to the grid voltage 
so that the total effect would be much greater amplification. 

A. V. Loughren: I wonder if the members of the Institute 
have ever had ealled to their attention just how important these 
limits in operating a tube really are. 

At a recent radio show a well-known company which seit 
resistanee-coupled amplifiers, advertising them as panaceas for 
all disturbances, had a set-up in which there were two amplifiers, 
one transformer-coupled and the other resistance-coupled. The 
transformer-coupled amplifier was so arranged that when an 
audio-frequeney input was applied to the grid of the first tube, 
the mean plate current increased, and the obvious inference which 
was brought out very strongly by the salesman was that a trans- 
former-coupled amplifier for that reason was very hard on the 
battery. There was altogether too low a plate voltage in the set, 
of course, for the grid bias used, and the trouble was that the 
plate current was decreasing almost to zero on the negative half 
of the wave, so that when the grid was made to oscillate, the 
mean plate current rose. Naturally, there was distortion there; 
but the striking point was that at the same time they had a 
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resistance-coupled amplifier alongside it that was operated with- 
out any grid bias, so that when a speech input was put on, the 
erids all drew current, and for that reason on the positive half of 
the wave the plate current did not increase as much as it de- 
creased on the negative half. The mean plate current accord- 
ingly decreased and the result was that the resistance-coupled 
amplifier was fine for the battery; but nothing was said about 
distortion. 

As far as experimental results are concerned, the theory is 
absolutely correct. Last summer, Mr. Kellogg was working on 
this problem, and I had some work to do on it from a different 
angle. I found it necessary to get some: experimental checks. 
Working on tubes of somewhat lower rating than the 250-watt 
tube that he deseribes, I got experimental verifications of the 
predictions of power based on the characteristic curves which 
were good to better than 5 per cent, and the amount of distortion 
produced by operating under various conditions could be checked 
to probably 10 per cent. The method of measuring distortion, 
though, isn’t as accurate from an experimental point of view, 
because it means measuring small quantitites. 

G. D. Robinson: Mr. Kellogg speaks of, I believe, ‘‘negli- 
gible” distortion. It is my recollection (I fail to place it pre- 
cisely) that either one year ago or two years ago at the Midwinter 
Convention the statement was made that two tubes working in a 
push-pull circuit were good for 18 times the output of one tube 
singly, which, of course, does not check with Mr. Kellogg’s 
statement about the small inerease in value. 

Another point: There are substantially no broadcast trans- 
mitters working with four modulator tubes per oscillator and 
probably there are substantially no transmitters working with 
two modulator tubes per oscillator. 

In connection with that same thing, we are assured by the 
Westinghouse Company that it is permissible to run a certain 
quite observable grid current on the modulator tubes without 
serious distortion. That probably goes back again to: What do 
we mean by serious distortion or negligible distortion? 

P. W. Gumaer: I wish to emphasize the importance of this 
subject as affecting future improvements in the quality of broad- 
casting and its reception. One of the limiting features in per- 
fection of the quality of radio reception has been in the acoustic 
end, particularly in the connection with loud speakers. Recent 
developments in loud speakers have overcome that difficulty. 
There is now a loud speaker that has no distortion that can be 
detected by the human ear. 


The next step in the development of perfect radio reception is 
now up to the electrical end. In order to reach perfection in the- 
quality of radio reception we need, I believe, a unit of measure- 
ment of distortion and a less laborious method of measuring 
distortion. I do not refer to any particular frequency but to the 
whole range of audio-frequencies, and it is indeed a difficult 
problem. : 

D. F. Whiting: One point occurs in the first paragraph of 
Mr. Kelloge’s paper, where he speaks about the relatively greater 
energy required to operate a loud speaker satisfactorily in com- 
parison with the energy required to actuate a telephone headset. 
Considering as a basis for comparison the relative energy require- 
ments necessary to produce approximately the same response in 
the ears for the two cases, I believe that Mr. Kellogg is somewhat © 
more conservative in his figures than is warranted by the condi- 
tions that obtain. Instead of an energy increase of one hundred 
times, as he has stated, I should be inclined to further empha- 
size the importance of this paper by favoring an increase in the 
vicinity of ten thousand times in the energy that is required by 
the loud speaker in comparison with that necessary for the head- 
set. This value is borne out by the following figures, expressed 
in transmission units, such that twenty-five transmission units 
below an arbitrary standard, which we call ‘‘zero level”’ in tele- 
phone parlance, represents about the right energy to use on a 
headset for persons of normal, hearing, whereas an energy level of 
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fifteen transmission units above this same standard is required 
for good loud-speaker reception. The difference between these 
two figures is forty transmission units, a voltage and current in- 
crease of one hundred times, and an energy increase of ten thou- 
sand times. Some people may be satisfied with less from their 
loud speakers than these figures represent, but it is my feeling 
with respect to them that they are easily satisfied. 

Incidentally, the values which I have quoted represent the 
amplification derived from two stages of a good-quality ampli- 
fier, or about one and one-half stages of amplification in which 
less attention is paid to frequency discrimination. 

In regard to the dynamic characteristics of the vacuum tubes, 
Fig. 3 of Mr. Kellogg’s paper shows a circuit by means of which 
certain characteristics of the tubes may be secured, but the re- 
sults obtained from such a circuit are not the true dynamic 
characteristics of the tubes. The dynamic characteristic is 
affected by the impedance through which the grid receives its 
charge, especially when the grid runs positive, but Mr. Kellogg 
has limited his considerations of the dynamic characteristic, to 
the effects which take place when the grid potential is negative 
with respect to the filament, thereby neglecting the determina- 
tion of the characteristic when the grid is positive. However, the 
dynamic characteristic covering the whole range in which we are 
interested may be determined by including a resistance in the 
circuit of Fig. 3 between the grid and the upper point where the 
grid supply voltage is measured. If this resistance is equal to 
the impedance of the circuit normally connected to the grid, 
the resulting dynamic characteristic will represent the effects 
which occur under normal operating conditions; and, if this 
resistance is great in magnitude, the dynamic characteristic will 
change its slope as the grid runs positive, tending to run in a more 
horizontal direction, the degree of departure from the static 
characteristic being dependent on the magnitude of the included 
resistance. The resulting dynamic characteristic represents a 
more accurate depiction of the effects which actually take place 
in the tube when in service. Although Mr. Kellogg has taken 
care to point out the occurrence of this effect, the curves given in 
his paper do not show it and the cause of the limitation is not 
pictured very clearly to the minds of those unfamiliar with the 
subject. 

In reference to the discussion centering around the push-pull 
form of circuit, I wish to state that this type of circuit displays 
its principal advantages in comparison with the more simple 
arrangement when conditions surrounding the tube such as 
those discussed in Mr. Kellogg’s paper—that is, grid and plate 
_voltages, filament currents, impedances connected to grid and 
plate—are not optimum. However, under optimum or nearly 
optimum conditions, the push-pull circuit provides an increase in 
evergy-handling capacity of approximately 25 per cent. Rela- 
tive to what may be accomplished in other ways, this does not 
represent avery great increase, On the other hand, this increase 
in power output is gained very cheaply; for no additional ap- 
paratus or power is required and, while the amplification of the 
final stage may be lowered slightly thereby, this usually can be 
restored more cheaply in the preceding stages. 

E. W. Kellogg: May Laska question at this point? On what 
basis are you making comparison, on the basis of an equal amount 
of distortion? 


Mr. Whiting: Yes. 

Mr. Kellogg: Total energy of harmonies the same in the 
cases? 

Mr. Whiting: Yes. The amount by which the energy ca- 


pacity ine :eases due to the push-pull cireuit feature will vary, of 
course, with each individual test, with the criterion assumed for 
the state of full load and with the accuracy with which the con- 
ditions imposed on the tubes during the test simulate the op- 
timum conditions for maximum output. The increase I have 
quoted is based on the results of a rather large number of tests 
obtained from many tubes of various kinds and under conditions 
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which, to the best of my knowledge, were optimum for those 
tubes. 

In the last sentence under the paragraph entitled “‘Push-Pull 
Cireuit,’’ Mr. Kellogg states, ‘“As against these advantages, the 
push-pull cireuit calls for an interstage transformer which in- 
troduces some distoztion.”” I think this sentence should be 
modified to state that this comparison is made with reference to a 
resistance-coupled amplifier, whereas, of course, the same com- 
ment would not apply if the amplifier which he was considering in 
relation to the push-pull amplifier was of the transformer-coupled 
type already. 

The second paragraph under the subject of “Reactive Loads” 
is exceptionally good, and I want to emphasize especially what 
it contains. If an amplifier is called upon to transmit good- 
quality speech or music currents, the maximum energy which 
the amplifier is required to deliver occurs ordinarily at very low 
frequencies; and, if the amplifier is to operate without over- 
loading, it should be capable of carrying its maximum load at the 
frequencies that require the greatest energy capacity. This 
means that the amplifier should be designed in such a manner 
that the output impedances of the tubes bear the right relation- 
ship to the impedance of the load at the low frequencies where the 
larger proportion of the energy is likely to oceur. This practise 
is not generally followed in the case of telephone repeaters 
because matters concerning line impedance termination and 
impedance balance are of greater importance to the operation 
of repeaters than is the matter of maximum power capacity. 

S. Stern: I have found that, very often the number of am- 
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plifying stages that are found necessary, must be decreased in 
order to prevent feed-back. This feed-back is very rarely due to 
the inductive coupling between transformers, if the proper 
shielding precautions are taken. The cause when traced is 
usually found in the tube itself in which the grid-plate capacity 
is often of the proper value to act as a coupling capacity between 
the matched audio-tuned coils of the transformers in the grid 
and plate circuits. A direct remedy would therefore be to re- 
duce this capacity but this cannot be conveniently done. How- 
ever, adding capacity to the grid-plate capacity, will decrease the 
frequeney at which feed back can occur to that below the audio 
range. If the capacities used for this purpose have very little 
resistance, no decrease in amplification will be experienced. 

A detailed description of this method and also the construe- 
tion of a four-stage transformer amplifier, can be found on page 
460 of May 1925 number of The Experimenter published by the 
Experimenter Publishing Co. of New York City. 

E. W. Kellogg: Since the paper was written, my attention has 
been called by Mr. John C. Warner of General Electric Re- 
search Laboratory, to advantages in using a set of plate current 
vs. plate voltage curves to show the tube characteristics, instead 
of plate current vs. grid voltage as used in the paper. The two 
sets of curves give the same information. Thus the curves of 
Fig. 1 herewith are derived from Fig. 2. of the paper. When 
plate voltage is used instead of grid voltage for the abscissas, 
the dynamic characteristic for a resistance load becomes a 
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straight line whose slope corresponds to the load resistance. 
The 5000 ohm dynamic characteristic shown on Fig. 1 here- 
with is the equivalent of Curve I of Fig. 2. Different values 
of load resistance, plate voltage and grid bias can be tried 
and compared very quickly on such a chart as Fig. 1. 
If the mean plate voltage, H,, the load resistance, and 
minimum current are given, we first find the slope from the 
value of load resistance, then slide a straight. edge, maintain- 
ing this slope, until we find a position at which the grid voltage 
for the minimum current is twice the grid voltage corresponding 
to the intersection with the mean plate voltage line. Thus the 
dynamic characteristic shown in Fig. 1. crosses the horizontal 
.02 ampere line at Hg = —96 volts (interpolation) and it crosses 
the vertical 2000 volt line at Hg = —48 volts. Using the ap- 
proximate method given in the paper for estimating distortion, 
the information is conveyed readily by Fig. 1, distortion in the 
ease of Fig. 1 being shown by the fact that the point on the dy- 
namic characteristic corresponding to mean grid voltage is not at 
the middle of the characteristic. 

While the use of plate voltages as abscissas makes the resist- 
ance load dynamie characteristic a straight line, it does not make 
a true ellipse of the characteristic for a reactive load. For a 
general understanding of what takes place and for estimating 
both the kind and amount of distortion, the form of curves used 
in the paper is to be preferred, since the evidence of distortion is 
presented to the eye in much more striking form and it is at once 
evident whether the bend in the characteristic is approximately 
uniform oris abrupt. On the other hand, for rapid calculations, 
the second method has a great advantage. 

There were a few questions brought up on my paper. The 
first was whether you could make an amplifier work something like 
a d-c. generator, self-excited. If I understand the question, it was 
whether we could use feed-back to get more amplification without 
distortion (I am putting this into language that is more familiar 
to radio fans). I have-never tried in any thorough way to doit and 
I don’t know what the possibilities are. I can say, certainly, 
that it is pretty difficult and it is questionable whether it is really 
desirable. Itis so easy to get all the amplification you need in the 
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regular way that it hardly seems worth while to go to the dif- 
ficulties that you encounter with feed-back when you try to make 
the feed-back aperiodic. 

The question was brought up as to the number of modulators. 
I was somewhat surprised when I began making calculations on 
the subject to find how the case stood. I think it is no doubt true 
that a good many stations do not employ more modulators than 
they have oscillators, and I think they ought to. Of course, 
that is tied up with the question of how heavy modulation is 
being attempted. That subject is discussed in the paper. 
It is a debatable question how deep modulation is desirable. 
But the point I wanted to bring out was that if you are going to 
attempt to use as heavy modulation as is very commonly em- 
ployed, and considered by many to be desirable, then you need 
plenty of modulator capacity. It isn’t my purpose to say how 
many modulator tubes are needed, but just to speak of an excess, 
for the purpose of calling attention to the fact that you need to 
study the tube characteristics and the oscillator impedance and to 
find out just how many you do need. 

As to working the grids positive, there are possibly cases where 
it can be done to advantage, by suitable circuits you might re- 
duce the distortion introduced in that way to as low a limit as is 
necessary, but the task is not simple. In Fig. 2, for example, I 
have plotted the grid current to the same scale as the plate cur- 
rent, and if you figure out the resistance corresponding to the 
slope, you will find that by the time you have the grid 20 volts 
positive, which won't extend your range very much, you are down 
to a grid impedance of 2500 ohms, which would be a heavy load 
on the plate of the preceding tube, with which you are trying to 
push the grid. The curves as I have plotted them don’t turn . 
over, because my abscissas are grid volts, regardless of how much 
Mr. 
Whiting has suggested a way of plotting the curves, which will 
take into account the effect of the grid load, and make apparent 
the distortion which results from trying to push the grid positive. 

IT accept Mr. Whiting’s correction of my figure for the ratio of 
input to telephone and loud speaker. It was merely an illustra- 
tive figure and I probably put it very mildly. 


Metallic Polar-Duplex Telegraph System 
for Long Small-Gage Cables 


BY JOHN H. BELL 


Associate, A. I. E. E. 


Synopsis.—In connection with carrying out the toll-cable pro- 
gram of the Bell System, a metallic-circuit polar-duplex telegraph 
system was developed. The metallic-return type of circuit lends 
itself readily to the cable conditions, its freedom from interference 
allowing the use of low potentials and currents so that the telegraph 
may be superposed on telephone circuits. The new system. repre- 
sents an unusual refinement in d-c. telegraph circuits, the operating 
current being of the same order of magnitude as that of the telephone 
circuits on which the telegraph is swperposed. 

The following are some of the outstanding features of the present 
system. Sensitive relays with closely balanced windings are em- 
ployed in the metallic circuit, and “vibrating circuits’ are pro- 
vided for minimizing distortion of signals. Repeaters are usually 
spaced about 100 miles apart: Thirty-fowr-volt line batteries are 
used and the line current is four or five milli-amperes on representa- 
tive circuits. Superposition is accomplished by the compositing 
method which depends upon frequency discrimination, the tele- 


R B: SHANCK? 


Associate, A. I. E. E. 


D. E. BRANSON 


Associate, A. I. E. E. 


and 


graph occupying the frequency range below that of the telephone. 
New local-cirewit arrangements have been designed, employing 
polar relays for repetition of the signals; these arrangements are 
suitable for use in making up circuits in combination with carrier- 
current and ground-return polar-duplex telegraph sections. New 
forms of mounting are employed in which a repeater is either built 
as a compact unit or is made up of several units which are mounted 
on I-beams, and subsequently interconnected. In the latter case 
the usual arrangements for sending and receiving from the repeater 
are omitted; and a separate ‘monitoring’ unit provided for con- 
nection to any one of a group of repeaters. 

The metallic system is suitable for providing circuits wp to 1000 
miles or more in length, the grade of service being better than that 
usually obtained from ground-return circuits on open-wire lines 
for such distances. About 55,000 miles of this type of telegraph 


circuit are in service at present. 
* * * * * 


' INTRODUCTION 


HERE has been developed recently by the Bell 
cle System a low-current metallic telegraph system, 

of the polar-duplex type, which is suitable for. 
superposition on telephone circuits in long small-gage 
cables. In certain sections where long-distance toll 
traffic is heavy, it becomes desirable, from the stand- 
points of economy and continuity of service, to employ 
such cables to replace existing open-wire lines and to 
provide for future growth. . The new telegraph system 
is being applied on a considerable scale in connection 
with the toll cable system, the general features and 
telephone arrangements of which have been described 
in previous papers.? The present paper outlines the 
general features of the metallic telegraph system and 
the method of superposing telegraph circuits of this 
type upon “two-wire”’ and “four-wire’’ telephone cir- 
cuits in small-gage cables. 

The metallic-return or two-wire type of telegraph 
circuit was chosen in preference to the ground-return 
type because it appeared to offer a more straightfor- 
ward solution of the technical problem and to be more 
economical, sufficient cable conductors being available 
as a result of the telephone requirements. On a long 
telephone circuit in a small-gage cable it is necessary 
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to employ a number of repeaters with comparatively 
large amplification and also to insert loading coils in the 
line at short intervals. As a result, the interference 
from superposed telegraph would be excessive unless 
the telegraph voltages and currents were kept far below 
the values ordinarily employed for ground-return tele- 
graph. To allow the use of small currents and poten- 
tials with ground-return telegraph would require the 
development of arrangements for neutralizing differ- 
ence in earth potential and inductive interference from 
telegraph circuits in the same cable as well as from 
power circuits. It will be evident that a metallic tele- 
graph circuit possesses certain transmission advantages 
over a ground-return telegraph circuit in the same way 
that a metallic telephone circuit possesses advantages 
over a ground-return telephone circuit. 

This development resulted in a telegraph system 
which in seme ways 1s unique in its refinement. The 
telegraph line currents are of the same order of magni- 
tude as those of the telephone circuits which use the 
same wires. Although cable is fundamentally much 
less favorable to telegraph transmission than open 
wire, one mile of small-gage cable having as much 
effect as many miles of open wire, the present system 
affords satisfactory operation on each pair of the cable 
for distances up to 1000 miles (1600 km.) or more. 

Two improved forms of mounting are employed; 
in one of these a repeater is built as a single self-con- 
tained unit and in the other a repeater consists of sev- 
eral units mounted on upright I-beams. The relays 
are quiet in operation and sounders are normally made 
inoperative mechanically as they are seldom used. Al- 
together, a metallic repeater office bears little resem- 
blance to the older typeof office with apparatus mounted 
on tables and hundreds of sounders in operation. 
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PRINCIPLES OF OPERATION 


In describing the general principles upon which the 
present telegraph system operates, it will be convenient 
to evolve it from the familiar ground-return polar- 
duplex system, the essential features of which are illus- 
trated in Fig. 1. It will be seen that at each end of the 
line circuit there are provided a transmitter and a re- 
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. Fig. 1—DiIrrereEntTIAL DUPLEX ON GROUNDED CIRCUIT 


ceiving relay. The operation of the transmitter sends 
current into the line and the artificial line, one polarity 
being used for “‘marking”’ and the other for “spacing.” 
‘If the artificial line has the same impedance as the real 
line, there will be no effect upon the receiving relay, 
since the latter is connected differentially. Currents 
received from the transmitter at the distant station 
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will, however, cause the receiving relay to operate. 
The arrangement, therefore, makes it possible to send 
telegraph signals in either direction, or in both direc- 
{ions simultaneously. 
In Fig. 2 the ground-return is replaced by a second 
line wire so that the circuit is now a metallic circuit. 
Fig. 8 differs from Fig. 2 only in that each receiving 
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relay has its windings divided into four parts instead 
of two, making the circuit symmetrical. 

For actual operation involving the working of a num- 
ber of circuits in a given office from the same set of 
batteries, it is desirable to make a connection to ground 
at each station at the point Gas shown in Fig. 4. ‘T'hese 
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connections stabilize the system and facilitate the clear- 
ing of accidental grounds. Although this results in 
unbalancing the currents in the circuit, there is sub- 
stantially no effective change in the metallic or two- 
wire operating currents if the line and apparatus are 
well balanced, and this arrangement has the essential 
characteristics of an actual metallic telegraph circuit. 
It may be helpful, however, to consider that the upper 
wire is employed for the transmission of signals and the 
lower wire is used to carry only neutralizing current to 
offset the effect of currents in the upper wire which are 
due to earth-potential differences and voltages to 
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ground caused by induction from power or telegraph 
circuits. Since each pair in the cable is closely bal- 
anced, encloses a small loop, and is frequently trans- 
posed by twisting, it will be apparent that the currents 
due to interference are practically equal in the two 
wires, flowing in the same geographical direction and 
therefore do not affect the balanced relays. 

Fig. 5 shows another arrangement of a metallic tele- 
graph circuit in which the transmitter comprises two 
tongues, reversing the connections to a single battery 
instead of switching between two different batteries as 
in the case of Fig. 4. The ground connection at the 
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midpoint of the battery at each station is for the pur- 
pose of stabilizing the system and facilitating the clear-_ 
ing of trouble. 

Circuits of the type shown in Fig. 5 were first de- 
veloped and put into extensive use in preference to the 
type shown in Fig. 4, largely for the reason that it was 
not at first practicable to obtain sufficiently close bal- 
ance of relay windings. With improved relays, tele- 
graph repeaters have been designed to operate on the 
basis of Fig. 4, effecting certain economies. These two 
arrangements, which are known respectively, as ‘‘double 
commutation” and “single commutation,’ may be 
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operated one against the other in a telegraph repeater 
section. 

The local circuits of the repeaters are arranged so 
that they may be conveniently set up either for simul- 
taneous operation in both directions (known as full- 
duplex) or for operation in only one direction at a time 
(called half-duplex), the latter giving the same commu- 
nication facilities as a simple open-and-close Morse 
telegraph circuit. 


Fig. 6—Dtvptex Artiriciat LINE 


GENERAL FEATURES 


As in the case of other telegraph systems it is neces- 
sary to subdivide a long circuit into sections by means 
of repeaters to avoid the use of excessive potentials and 
to limit the distortion of signals. For repetition be- 
tween two metallic cable circuits a simple arrangement 
called a “through repeater’ is employed. The equip- 
ment used at the end of a metallic telegraph circuit is 
known as a “terminal repeater.” 

The metallic polar-duplex system operates with a 
potential of 34 volts, requiring one 34-volt battery for 
double-commutation and two such batteries for single- 
commutation. Where both are used in the same office, 
one of the single-commutation batteries may be used 
for double-commutation, this being equivalent to the 
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regular arrangement with a ground potential of 17 volts 
in addition. The batteries are ordinarily “‘floated.” 
Tungar rectifiers are generally used, without causing 
any noise in the telephone circuits. 

The telegraph current in the cable circuit, with the 
batteries at the two ends aiding, is from about 3 to 15 
milliamperes depending on the resistance of the line 
circuits. With the batteries opposing, the current 
is, of course, practically zero. ; 

The small-gage cables are made up of No. 16 and 
No. 19 B. & S. gage (1.29 and 0.91 mm. respectively) 
copper conductors, and the metallic telegraph system 
may be operated over conductors of either gage, or 
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over the derived phantom circuits when the latter are 
not in use for telephone service. The maximum dis- 
tance between two consecutive repeaters is about 120 
miles (195 km.) on 19-gage, composited pairs, or 160 
miles (260 km.) on 16-gage. For non-composited cir- 
cuits the corresponding distances are about 140 miles 
(225 km.) and 190 miles (805 km.) respectively. The 
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average telegraph repeater section is about 100 miles 
(160 km.) in length as a result of the telephone require- 
ments in connection with locating repeater stations. 
In some cases the telegraph is operated over non- 
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loaded circuits, such conductors being available before 
loading coils have been applied to all wires of the cable. 
The telegraph transmission is practically the same on 
non-loaded and loaded circuits. 

For maintaining an impedance balance, which, as 
brought out previously, is essential for polar-duplex 
operation, two different types of artificial line are used: 
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a flexible line with adjustable resistances and capacities 
adapted to balance any type of small-gage cable circuit, 
and a less flexible line having resistances as its only 
variable members and designed to balance accurately 
only 19-gage circuits with a certain type of loading. 
The first type of artificial line is shown schematically 
in Fig. 6 and the second in Fig. 7. The former balances 
with sufficient accuracy for full-duplex operation any 
circuit which does not contain intermediate compositing 
equipment. It also balances, well enough for half- 
duplex operation, circuits containing intermediate 
compositing equipment. The second type of line can 
be used for full-duplex service with only the type of 
circuit for which it was designed and for half-duplex 
with a limited variety of circuits. It is not so flexible 
therefore, as the other type. However, it is consid- 
erably cheaper and is somewhat easier to adjust, since 
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constant as the frequency is further increased. At 
the lower frequencies the effect of the distant terminal 
apparatus is, of course, large. Curves for non-loaded 
lines are similar except that at the higher frequencies 
the resistance is lower and the reactance higher. 

A feature which has an important effect on the 
quality of the received telegraph signals is the ‘‘vibra- 
ting ‘circuit’? which was devised originally by Gulstad. 
This circuit comprises two auxiliary windings on the 
receiving relay, a condenser and two resistances as 
illustrated in Fig. 9. A current through the resistance 
branch of the vibrating circuit moves the relay arma- 
ture to the opposite contact when the effective operating 
current, in reversing, approaches zero value. While 
the armature is passing between contacts, the con- 
denser in the other branch partially discharges through 
both windings in series, the discharge current acceler- 
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to obtain a balance it is necessary only to secure a cor- 
rect d-c. or resistance balance with the three adjustable 
resistances approximately equal. This line is built in 
H sections so the structure is similar to that of the real 
line; the effect of the loading coils on the impedance 
is simulated however, by the resistances in the three 
bridged members. Since in cable circuits leakage is 
negligible and the only effect of temperature changes 
is variation in resistance, the only adjustable members 
required in the latter type of artificial line are the three 
series resistances. — 

Curves of resistance and reactance versus frequency 
are shown in Fig. 8, for a representative metallic line 
section and the corresponding artificial line. It will 
be noted that there are large variations in these im- 
pedance components in the frequency range from zero 
to about 30 cycles per second, and they tend to become 


ating the armature. As soon as the armature touches 
the other contact, a transient current completing the 
discharge of the condenser and charging it in the oppo- 
site direction holds the armature firmly against this 
contact until the operating current has had time to 
become large enough to assume control. The vibrating 
circuit therefore increases the sensitivity, reduces the 
time of armature travel, lessens chatter of the arma- — 
ture contacts and makes the operation of the relay 
more positive. Furthermore, the constants of the 
vibrating circuit are so proportioned as to minimize 
distortion of signals, the relay being caused to operate 
near the steepest part of the received current wave. 
The receiving and transmitting relays used in metal- 
lic telegraph repeaters are the 209-F A and 215-A re- 
lays, respectively, which are being described in a separ- 
ate paper. The former is a highly sensitive polarized 
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relay. furnished with vibrating windings, whereas the 
latte is of the same general construction but less sensi- 

ve and has no vibrating windings. The 215-A relay 
is also used in the arrangements provided for facilitating 
“breaking.” In eases where a termimal repeater is 
operated between a ground-return circuit and a metallic 
circuit, relays of this type function as receiving relays 
for the ground-return section. 
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local circuit. 
ing features similar to those in the through-type set are 
provided. The local circuit arrangements are de- 
scribed in detail in the next section. 
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Polarized sounders and other monitor- 


LocaL CIRCUITS 
To avoid supplying battery at outlying points and 
to facilitate setting up and changing circuits which 
have a number of stations in the same locality or have 
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The through-type repeater is a direct-point repeater; 
the armatures of sensitive polar relays, operated by 
the line current from one direction, repeat the signal 
differentially through the windings of the opposite re- 
ceivingrelays) into the other linein the opposite direction. 
A simplified diagram of this repeater is shown in 


Fig.10. Thisrepeaterisafull-duplex repeater butisused 
on half-duplex cireuits without change. As shown, 
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two polarized sounders are provided for reading signals, 
and a telegraph key controls the operation of local 
it possible to send into either line independently, or 
in both directions at once. 

The terminal-type repeater is also a direct-point re- 
peater and is used to repeat signals between a metallic 
cable section and either a ground-return circuit or a 


branches, a two-wire circuit or “loop” is extended from 
the repeater office to each operator’s station. For 
the marking or closed condition the current is approxi- 
mately 60 milliamperes and for spacing it is zero. 

For full-duplex service the arrangement is simple, 
involving the use of a receiving loop and a sending loop 
as shown in Fig. 11. In the receiving loop the bat- 
teries are aiding when the line relay tongue is on mark- 
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ing, and opposing when it is on spacing. Signals may, 
therefore, be received by the operator by means of an 
ordinary Morse (neutral) relay or main-line sounder. 
The sending loop is opened and closed by the oper- 
ator’s key in sending out signals. The sending relays 
are of the polar type and may be considered to have a 
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line. When the key is closed the effect of the biasing 
current is overpowered by the loop current, as the latter 
is twice as great. When the key is opened the biasing 
current moves the relay armatures from marking to 
spacing. 

For half-duplex service, a single loop is used for 
both sending and receiving as depicted in Fig. 12. 
Signals are sent out in precisely the same manner as in 
full-duplex and do not affect the metallic line relay on 
account of the balanced duplex connection. The 
sending relays, although connected in the loop, are un- 
affected by received signals as they are differential as 
regards current from the receiving relay tongue. This 
istin fact a duplex connection, and it allows the working 
of the grounded side of the terminal repeater directly 
into a long circuit having a standard ground-return 


METALLIC POLAR-DUPLEX TELEGRAPH SYSTEM 321 


peated back into the line, reversed. This would result 
in a slow and uncertain break. 

In using two terminal repeaters to connect an oper- 
ator’s office at an intermediate point to a metallic cir- 
cuit, the loop or loops are connected in tandem between 
the two repeaters. In full-duplex the sending leg of 
one repeater is connected to the receiving leg of the 
other, and vice versa, with a loop in series with each 
connection. In half-duplex the two local circuits are 
connected together with the loop in series, and at one 
repeater, batteries on the receiving relay contacts are 
reversed and the connections to the loop and biasing 
windings of the sending and break relays are inter- 
changed. 

Local circuit arrangements of the type just de- 
scribed make the metallic repeaters suitable for use in 
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polar-duplex repeater at the distant station. A suit- 
able artificial line is provided for this purpose. 

To facilitate interruption of the sending operator 
by the receiving operator a “‘break relay’’ is also pro- 
vided, operating simultaneously with the sending re- 
lays. To understand its function, assume the key in 
the loop to be opened; as soon as a marking signal is 
received from the line, the sending relay armatures 
will be moved to spacing due to the current in the bias- 
ing windings and the absence of current in the loop. 
The break relay at the same time connects marking 
battery to the spacing contact of the receiving relay 
so that no matter what signal impulses are subsequently 
received from the line the sending relays will be un- 
affected. If the break relay were not used, incoming 
signals would operate the sending relays and be re- 


combination with the carrier-current and ground- 
return polar-duplex repeaters used in the plant. This 
flexibility has been secured by designing the loop cir- 
cuits to operate with 60 milliamperes current for mark- 
ing and zero for spacing. Briefly, the flexibility neces- 
sary to permit of setting up long circuits with branches 
is in no wise sacrificed by the use of the several systems. 

The essential features of the circuit of the 
terminal-repeater are shown’ schematically in 
Fig. 18. 

For convenience in testing and in patching circuits 
the loop is connected to the telegraph repeater through 
a series of jacks at the ‘Morse board’’ called a “Morse 
line terminal.” The latter consists of a number of 
jacks for inserting loops in series and testing the bat- 
teries and circuit in case of trouble. 
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TELEPHONE CIRCUITS BY COM- 
POSITING 
In superposing the metallic telegraph on telephone 
circuits, the well-known ‘compositing’? method is 
used. This is based on frequency discrimination, the 
telegraph occupying the range below that of the tele- 
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Fig. 14—CompositE SET 


phone. For satisfactory results, the telegraph and the 
telephone arrangements, including signaling, as well as 
the composite sets, must be designed in conjunction 
with the line circuits so as to avoid serious interference 
between telegraph and telephone. Furthermore, the 
compositing means employed should have but little 
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circuits have to be considered. The second kind of 
interference is the flutter effect due to the fact that 
rapid changes in the telegraph currents momentarily 
increase the effective resistance of the loading coils, 
thereby varying the attenuation of the circuit at tele- 
phone frequencies. 

The telegraph branch of the composite set (see Fig. 
14) consists of series inductance and shunt capacity 
and therefore offers to line currents of telephonic fre- 
quencies high impedance and attenuation. It has 
little effect upon the low frequencies required for satis- 
factory telegraph transmission, and at the same time 
sufficiently attenuates the higher frequency compo- 
nents of the telegraph waves to avoid excessive thump. 
In order that the telegraph branch may be effective in 
reducing thump voltages in the phantom circuit, the 
two windings of the retardation coil are made with a 
negligible mutual inductance, and the bridged capacity 
consists of two balanced condensers with the midpoint 
grounded. It has been found necessary to make this 
retardation coil of very stable inductance by using a 
comparatively large amount of iron, since a coil with 
less stable characteristics would cause excessive thump, 
due to the generation of harmonics. 


The telephone branch consists of series condensers 
and a low-inductance repeating coil or transformer and 
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detrimental effect on the transmission of the three 
forms of communication operating separately, and 
must not upset the symmetrical circuit arrangement 
upon which freedom from external interference depends. 


Interference from telegraph and telephone manifests 
itself in two ways. The first of these is telegraph 
“thump” which is the name given to a low-pitched 
noise in the telephone due to a small part of the tele- 
graph current passing through the telephone branch 
of the composite set and entering the telephone appara- 
tus. The thump, in addition to being audible, may 
effect the telephone signaling equipment to the extent 
of causing false rings. In addition to the thump at the 
transmitting end of the circuit, thump is produced at 
the receiving end by the vibrating circuit through 
transformer action of the relay windings. In pro- 
viding protection from thump, both phantom and side 


has high impedance and attenuation for line currents 
of telegraph frequencies, but has little effect upon tele- 
phone transmission. It supplements the telegraph 
branch in reducing thump and also serves to limit 
mutual interference between telephone signaling and 
telegraph. The repeating coil is also used for deriving 
the phantom circuit in the usual manner. 

The composite set is sufficient to limit receiving-end 
thump to a harmless amount, but greater protection is 
necessary against sending-end thump. In order that 
the additional equipment for this purpose may have 
the minimum effect on telegraph transmission, it is 
placed in the transmitter branch where it affects out- 
going signals only. It consists of series inductances 
and bridged capacities to suppress the high-frequency 


4. Paper by Martin & Fondiller, TransactionsA. I. E. E., 
February 1921, page 553. 
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components of the telegraph impulses as in the com- 
posite set; the mutual inductance of the coils is made 
small so that they may be effective in reducing thump 
in the phantom circuit. In single-commutation re- 
peaters, another coil is necessary in the transmitter 
branch to prevent excessive phantom circuit thump. 
This coil is connected with its windings parallel-aiding 
as regards the phantom circuit and therefore is series- 


Fig. 16—INsTALLATION OF METALLIC TELEGRAPH REPEATERS— 
TERMINAL TYPE 


opposed or non-inductive for the metallic telegraph op- 
erating currents. An examination of the circuits will 
show that in double-commutation, operation of the 
telegraph impresses voltage on the phantom circuit 
only if the two transmitting tongues fail to operate in 
exact synchronism; in single-commutation, voltage is 
impressed on the phantom circuit by the normal opera- 
tion of the transmitter, since the telegraph current, 
being unbalanced, has a large longitudinal component. 

To preserve the duplex balance when using a com- 
posited line, a composite balancing set, consisting of a 
series coil and a bridged condenser, is provided for in- 
sertion in the artificial line branch as shown in Figs. 
10 and 13. 

To protect the receiving relay from interference from 
the 135-cycle current used for telephone signaling, a 
resonant shunt is bridged across the telegraph set on the 
line side of the receiving relay and a balancing shunt is 
bridged across the set on the artificial-line side. A 
single coil is made to serve for both of these shunts, 
one winding being placed in the line side and the other 
in the artificial-line side. 

Twenty-cycle ringing current, which is used for sig- 
naling in the local terminal equipment of the telephone 
circuit, and operation of the telephone receiver switch- 
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hook, give rise to transient currents which tend to harm 
telegraph transmission. To minimize this effect, a 
condenser is connected between windings of the re- 
peating coil. 

Since metallic telegraph repeaters are spaced about 
100 miles (160 km.) apart and telephone repeaters on 
many circuits about 50 miles (80 km.), means must be 
provided for passing the telegraph currents around the 
intermediate telephone repeaters. This is done by in- 
serting an “intermediate’”’ composite set on each side 
of the telephone repeater and connecting the telegraph 
branches together through a “by-pass” set. This 
arrangement is shown in Fig. 15. The intermediate 
composite set is very similar to the terminal composite 
set. The by-pass set consists of a retardation coil of 
high inductance and little mutual inductance between 
windings, with or without a resonant shunt. The pur- 
pose of this by-pass set is to keep the amplification 
characteristic of the telephone repeater from being 
affected by currents feeding back through the tele- 
graph branches of the composite sets from the output 


Fig. 17—Metattic TELEGRAPH REPEATER—TERMINAL TYPE 


into the input of the telephone repeater. For four- 
wire telephone circuits, on which repeaters work with 
comparatively high amplification, it is necessary to 
bridge a shunt, resonant at about 135 cycles per second, 
at one end of the by-pass to prevent excessive feedback 
at 135 cycles per second and neighboring frequencies. 
It is grounded in the middle and two coils are provided, 
connected so that one will be.effective for the side 
cireuit and the other for the phantom circuit. For 
two-wire telephone circuits the resonant shunt is 
unnecessary. 


EQUIPMENT ARRANGEMENTS 


The terminal-type repeater is assembled as a com- 
plete unit at the time of manufacture and therefore the 
installation work consists only in arranging the re- 
peaters in rows and connecting the line conductors, 
loops and batteries to the terminal strips. A typical 
installation is shown in Fig. 16. A terminal and a 
through repeater are shown in Fig. 17 and Fig. 18, 
respectively. 

The artificial-line equipment is mounted in the upper 
section of the repeater. Condenser switches, dial- 
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Fic. 18—Meratiic TrnecrarpH REPEATER—THROUGH - TYPE 


type resistance switches, milammeters and miscellane- 
ous keys are mounted on a hinged panel of insulating 
material. On the back of the panel, immediately 
behind the dial switches are the associated resistance 
units. The condensers which form part of the arti- 
ficial line are stacked up in the space immediately 
behind the panel. The apparatus in the artificial line 
section is divided, so that the equipment which balances 
the cable pair is on the right side and that associated 
with the loop or ground-return section is on the left side. 

Below the hinged panel is the keyshelf, on which are 
mounted the loop and line sounders and the monitoring 
telegraph key. At the rear of the keyshelf and fast- 
ened perpendicularly to it is a panel on which are 
mounted the switching keys for controlling the battery 
connections and for arranging the repeater to work 
under various circuit conditions. Underneath the 
keyshelf is a section for the condensers in the trans- 
mitter branch, the spark-killers and the vibrating 
circuit. 

In the lower section of the repeater is a small mount- 
ing plate carrying the relays and the resistance units 
associated with the spark-killers and vibrating circuit. 
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The lower end of this mounting plate is hinged so that 
it may be swung forward, thereby giving access to con- 
nections of apparatus mounted on it. Below thisisa 
terminal strip for the lines, batteries and the sending 
and receiving legs. » Below the terminal strip and just 
above the floor are the retardation coils used in the 
transmitter branch. A 

A terminal repeater stands 62 in. (1.57 m.) high and 
occupies a space 14 in. (36 em.) wide and 12 in. (30 
cm.) deep and weighs about 220 lbs. (100 kg.). The 
keyshelf is about 40 in. (1 m.) above the floor. On the 
top of the repeater is mounted the _ operator’s 
“calling-in” lamp. 

The floor-mounted type of through repeater has the 
same equipment assembly for both the east and west 
sides and these are practically the same as the portion 
of the terminal repeater which operates on the cable 
section. The equipment in the right-hand section of 
the through panel is for repeating signals from the east 
line to the west line, and the left vice versa. This re- 
peater weighs about 230 pounds (105 kg.) and occupies 
the same space as a terminal repeater. 


Monitoring Unit 


«Relay and Transmitter 
Branch Unit 


Fic. 19—Racx-Mountep Meratiic TELEGRAPH REPEATERS— 
THrouGcH TYPE 


The rack-mounted through repeater was developed 
after experience with the floor-type had shown how 
little monitoring attention was required. For that 
reason the repeater was simplified by the elimination 
of the line meters and monitoring apparatus. A unit 
termed a “‘monitoring unit” is provided for a group of 
about seven repeaters, and it can be connected into 
any one repeater by means of cords and plugs. A rack- 
type repeater consists of three units, the relay and 
transmitter-branch unit, the balancing-composite unit, 
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and the artificial-line unit. Each of these units con- 
sists of a steel panel with necessary apparatus, arranged 
for mounting on two upright standard I-beams, thus 
forming a “‘bay.’’ Generally there are four repeaters, 
or three repeaters and a monitoring panel per bay. Fig. 
19 shows an arrangement of repeaters on racks having 
a height of about 90 in. (2.3m.). This type of repeater 
is supplied for single-commutation operation only, 
whereas both forms of “floor-mounted” repeaters are 
supplied for double-commutation operation. Con- 
siderable economy in first cost and maintenance is 
secured by the use of this rack-mounted equipment. 


OPERATION AND MAINTENANCE 


The metallic telegraph repeaters require compara- 
tively little attention on the part of repeater attend- 
ants. Under normal operating conditions one man 
takes charge of about 24 terminal repeaters or 40 
through repeaters. The duties of the repeater attend- 
ants consist mostly in maintaining satisfactory impe- 
dance balance of the artificial lines against the real 
lines. This balance is, of course, more exacting for 
full-duplex operation than for half-duplex. The capac- 
ity balance varies only a slight amount. Variations in 
resistance balance are caused by temperature changes, 
the average daily variation being about 6 per cent. 
The differential milammeter is used as an indicator in 
determining the resistance and capacity values required 
to obtain a balance. 


The equipment maintenance work required for these 
repeaters is exceedingly small. For a typical installa- 
tion of 200 repeaters, the adjustment of relays and 
general maintenance will necessitate not more than 
four or five man-hours per day. 


The maintenance schedule for adjusting the relays 
is somewhat variable, depending upon the type of cir- 
cuit in which they are operating. In general, a 209-F'A 
relay ina terminal repeater will give uninterrupted service 
for two to three months and in a through repeater for 
four to six months. The 215-A relays are adjusted 
about every three weeks when used as ‘“‘break’’ relays 
and every six months operating as pole-changing relays. 


With proper maintenance the transmission of the 
metallic telegraph system is such as to furnish high-grade 
half-duplex manual servicefor distances up to 2000 miles 
(3200 km.) or more. For the longer distances, the sig- 
nal propagation time is increased to an amount which 
makes the time required to “break’’ appreciable, but 
not objectionable. For half-duplex printer operation 
the metallic circuits are satisfactory for speeds up to 
about 19 dots per second, which corresponds to about 
300 characters per minute for the start-stop type of 
printer. 

For full-duplex service, the metallic system affords 
very good transmission with manual operation for dis- 
tances up to 1000 miles or more. With careful main- 
tenance of duplex balances, such a circuit is satisfac- 
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tory for full-duplex printer operation at speeds up to 
about 16 dots per second, corresponding to about 260 
characters per minute for start-stop printers and 385 
for multiplex printers. 

It is of interest to note that metallic circuits in cable 
are much more dependable and less subject to inter- 
ruption than open-wire circuits. Such data as are 
available indicate that the annual lost time on a long 
metallic cable circuit is only about one-tenth as great 
as that on a ground-return polar-duplex circuit of the 
same length over open wire. 


COMMERCIAL USE 


At the present time there are in operation in the 
Bell System about 55,000 miles (89,000 km.) of metallic 
telegraph circuits of this type of which 30,000 miles 
(48,000 km.) are worked on a composited basis. Ap- 
proximately 20 per cent of the total mileage is operated 
full-duplex. There are now installed in the plant about 
430 through repeaters and 1050 terminal repeaters. 


Discussion 


R. N. Nicely: In connection with the extensive toll cable 
program of the Bell System, it has of course, been highly desirable 
that satisfactory methods be made available for utilizing the cable 
facilities for telegraph as well as for telephone service. This has 
been accomplished by the development of the metallic polar- 
duplex telegraph system and the voice-frequency carrier tele- 
graph system. Each of these systems is adaptable to operation 
under widely varying cable circuit layout arrangements and each 
has certain characteristics which make it particularly suitable 
for use in connection with different specific requirements. In 
actual practise, each of the systems is a valuable supplement 
to the other. 

The metallic polar-duplex system, in addition to being exten- 
sively used on long trunk-eable routes, is well adapted to tele- 
graph-cireuit distribution from large centers to outlying towns 


‘or cities reached by cable as well as to telegraph stations at the 


center itself or at outlying points reached by aerial wire circuits. 


The metallic system is of value also during the construction 
of long toll cables which, as in the case of the New York-Chicago 
cable, may be extended over a period of several years. As the 
cable is extended it is of course, desirable that heavily-loaded 
aerial wire lines on or near the cable route be lightened by trans- 
ferring at least a part of the circuits to completed sections of the 
cable. The metallic telegraph repeater being adapted for opera- 
tion on metallic cable circuits in one direction and on aerial wire 
or grounded cable circuits in the other, is particularly well suited 
for use at points where the two types of circuits are joined. 
Furthermore, the metallic repeater being a practically self-con-_ 
tained unit, may be readily moved from point to point if desired, 
as the cable construction advances. 

With the metallic telegraph system, intermediate repeaters 
are in general, required at more frequent intervals than is the 
ease on aerial wire telegraph circuits but, owing to the greater 
stability of the cable circuits, this apparent disadvantage is 
offset by the very small amount of equipment adjustment re- 
quired by the metallic apparatus during operation. 

J. H. Bell: To an old-time telegraph man used to the noises 
in a large telegraph office, a visit to one of the small-gage cable 
telegraph repeater stations where practically all the repeaters are 
of the type described in this paper would be somewhat of a sur- 
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prise. The quietness of the room is broken only by the click 
of a sounder during periodic tests by the repeater attendants 
listening for a moment or two to passing signals. I believe at 
first it was thought the repeater attendants who had been ac- 
customed for so long to the clatter of sounders would take un- 
kindly to working ina nice quiet office, but in that regard the 
psychology was wrong. I am safe in saying, I think, that the 
repeater men much prefer the new conditions. 

There is one apparatus unit in the sets to which I would like 
to refer, namely, the dial-type switch for enabling the value of 
capacity in the artificial line to be varied. 'To one accustomed 
to juggle with five plugs or levers to secure some’ one of the 
thirty-one possible values of capacity, the convenience of step- 
ping round a dial, adding, say, 0.1 micro-farad at each step and 
getting values of between 0.1 and 3.9 microfarads, is immediately 
noticeable and appreciated. One can strike a duplex balance in 
a fraction of the time taken with the older apparatus. 

In regard to the operation of the system, it should perhaps be 
pointed out that the speeds of operation given in the paper do not 
necessarily represent the maximum speeds obtainable. In design- 
ing the system the aim was to provide for high-grade service at 
fast hand speed; that is, about 15 dots per second. The vi- 
brating circuits are consequently permanently set for operation 
at about that speed so that at higher speeds the vibrating feature 
would probably be detrimental rather than beneficial. 

The most important unit of a telegraph system is the relay. 
One might say it is the heart of the system, so that it is difficult 
to discuss a new system without making some reference to its 
heart. The sensitive polarized relay described in the paper by 
Messrs. Fry and Gardner was designed primarily for the 
metallic system, although it has been found particularly 
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applicable to the voice-frequency carrier system and the 
high-frequency carrier system which was described in a 
paper presented at an Institute meeting some years ago. 
With the improvements which have recently been incor- 
porated in it, namely, the accurately balanced windings, permal- 
loy magnetic material, the new contact material, the anti- 
chatter armature, I think we have in it now a high-grade 
polar relay which is likely to be our standard for several years to 
come. 

In the discussion of a telegraph paper before the British 
Institute of Electrical Engineers recently, one of the speakers 
very cleverly compared the art of communication with the art of 
transportation. He said the telephone was like the passenger 
service, a very personal affair demanding quick service, whereas 
the telegraph was like the express service, where one hands over a 
message to be transmitted or transported and the operating 
company does the rest. Of course, this simile does not apply 
very aptly to the telegraph service of the Bell System. The Bell 
telegraph service furnishes to each customer or patron a single- 
track or double-track private express railroad for his exelusive 
use, and by the ingenious compositing scheme the same lines 
are made use of for a public passenger service, without any fear 
of collisions. 

Perhaps I may be permitted to borrow the simile and to en- 
large upon it by saying that in the metallic eable system and the 
voice-frequency system we have provided for these private 
express railroad services a much improved rolling stock. 

Note: See also discussion on Voice-Frequency Carrier Tele- 
graph Systems for Cables, by B. P. Hamilton, H. Nyquist, 
M. B. Long and W. A. Phelps, and Polarized Telegraph Relays, 
by J. R. Fry and L. A. Gardner. (Page 339.) 


Voice-Frequency Carrier Telegraph System 
for Cables 
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Synopsis.—Carrier telegraph systems using frequencies above 
the voice range have been in use for a number of years on open-wire 
lines. These systems, however, are not suitable for long toll cable 
operation because cable circuits greatly attenuate currents of high 
frequencies. The system described in this paper uses frequencies 
in the voice range and is specially adapted for operation on long 
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four-wire cable circuits, ten or more telegraph circuits being obtain- 
able from one four-wire circuit. The same carrier frequencies.are 
used in both directions and are spaced 170 cycles apart. The car- 
rier currents are supplied at each terminal station by means of a 


single multi-frequency generator. 
* * * * * 


TELEGRAPH system has recently been devel- 
oped which utilizes the range of frequencies ordi- 
narily confined to telephonic communication. 

It represents a special application of the carrier method 
of multiplexing telephone and telegraph circuits, which 
has already been described.’ 

The new system has been designed particularly for 
application to four-wire telephone circuits. Installa- 
tions have been made at New York and Pittsburgh, by 
means of which ten telegraph circuits are derived from 
one four-wire telephone circuit extending between 
these cities. Additional installations are planned and 
under way in which it is expected that a greater num- 
ber of telegraph circuits will be obtained from each four- 
wire telephone circuit. 

Experience in commercial service extending over a 
considerable period has fully demonstrated the effective- 
ness of this system. 


GENERAL FEATURES 


In a general way, the voice-frequency system re- 
sembles the high-frequency carrier system for open- 
wire lines, which has been described in the paper re- 
ferred to above. The most important differences are 
that the voice-frequency system uses (1) a four-wire 
cable circuit instead of a two-wire open-wire circuit, 
(2) the same frequencies for transmission in both direc- 
tions, (3) frequencies of the voice range rather than the 
higher frequencies used in open-wire carrier telegraph 
systems, (4) a multi-frequency generator instead of 
vacuum tube oscillators to supply the carrier currents 
and (5) fixed band*pass filters instead of adjustable 
tuned circuits for segregating the several telegraph 
circuits. 

Fig. 2 shows in a simplified manner the essentials of 
the telegraph system under discussion. Reference to 
Fig. 1, which shows a four-wire telephone circuit,‘ will 
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make clear how the line portion of the telegraph system 
is derived from such a telephone circuit. As indicated 
in Fig. 1, the four-wire cable circuit uses two pairs of 
wires, one pair for transmission in each direction. 
When a voice-frequency telegraph system is applied to 
a telephone circuit the four-wire terminating sets, which 
normally terminate the circuit when used for telephone 
purposes, are removed and voice-frequency carrier 
telegraph equipment is substituted. 

Signal Traced Through System. A general layout 
of the system is shown in Fig. 3 and, in describing the 
operation, reference is made to this figure. The path 
of a signal from the sending operator to the receiving 
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operator, on one of the ten two-way circuits will be con- 
sidered. To produce a spacing signal the sender opens 
his key (shown at the left of the figure) which causes 
the sending relay to operate so as to short-circuit the — 
source of alternating current. To produce a marking 
signal the key is closed. which causes the sending relay 
to operate and to remove the short circuit. This per- 
mits the alternating current from the generator to flow 
freely into the filter. This sending filter is so con- 
structed as to permit relatively free passage of current 
of frequency near the particular carrier frequency for 
which it is designed. For other frequencies the filter 
practically shuts off the current. 
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After passing through the filter, the current mingles 
with currents from other channels and all] are trans- 
mitted over the lme as a resultant composite current. 
After flowing through the line in this mixed-up condi- 
tion, the currents encounter the receiving filters which 
resemble the sending filters in that each transmits a 
relatively narrow range of frequencies in the neighbor- 
hood of the carrier frequency for which it is designed, 


‘ts substantially as an open circuit to 
By means of these receiving filters 
separated and each flows freely into 
After passing through the recelving 
“~urrent enters the detector whose function is 
alternating-current signals into direct- 
which are capable of actuating the re- 
ceiving relay. The réceiving relay in turn transmits 
direct-current signals to receiving operator's 
sounder or local relay. 

This sequence of events is illustrated in the series of 
oscillograms of Fig. 4, which shows the different forms 
of a group of telegraph signals in the 425-cycle chan- 
nel from the time, when as d-c. impulses, they flow 
through the sending relay windings, to the time when 
again, as d-c. impulses, they flow through the receiv- 
ing relay and sounder circuit. It shows (a) their form 
in the sending relay and telegraph key circuit, (b) 
their translation into alternating-current prior to pass- 
ing into the sending filter, (c) their mingling with other 
similar impulses of different carrier frequencies after 
passing through the sending filter and on to the line as 
a single resulting wave flowing through the four-wire 
circuit, (d) their form after separation from the other 
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channels by the receiving filter and (e) their final form 
in the receiving sounder circuit. The points where 
the oscillograms were taken are shown in Fig. 2 at a, 6, 
e, d, and e, the cases being correspondingly denoted on 
the oscillograms. 

Carrier Frequencies. The carrier frequencies are so 
chosen as to be odd multiples of a basic frequency of 
85 eycles per second. The lowest frequency used is 
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the fifth multiple of 85 cycles, that is, 425 cycles per 


second. Starting with this frequency, the carriers are 
spaced at 170-cycle intervals from their nearest neigh- 
bors, so that in the ten-channel system the uppermost 


frequency is 1955 eycles per second. Each channel 
has assigned to it a range of frequencies 85 cycles above 
and below its own frequency. For example, the chan- 
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nel using a carrier frequency of 1105 cycles has assigned 
to it the range between 1020 to 1190 cycles. Choosing 
the carrier frequencies in this manner and placing each 
carrier midway in the band of frequencies assigned to 
it, has the effect of giving maximum discrimination 
against interfering frequencies generated in the various 
vacuum tube repeaters. As is well known, when a 
number of frequencies are transmitted simultaneously 
through a vacuum tube, currents which cause inter- 
ference are generated due to small departures from 
linearity on the part of the tube characteristic. Some 
of the most important of these currents have frequen- 
cies equal to the sum and difference of the frequencies 
of the transmitted currents taken in pairs. Since the 
carrier frequencies are all odd multiples of the common 
frequency, 85 cycles, it follows that the sum and differ- 
ence of the frequencies are even multiples of 85 cycles 
and therefore are located midway between the carrier 
frequencies. This permits obtaining the maximum 
discrimination against these interfering frequencies by 
means of the filters, of which the characteristics are 
set forth below. 

The number of'‘carrier telegraph circuits which can 
be derived from a single four-wire cable circuit depends 
on the type of loadingand, to a lessextent, on thelength 
of the circuit. It has been mentioned above that at the 
present time ten two-way carrier telegraph circuits are 
operated simultaneously over a four-wire circuit be- 
tween New York and Pittsburgh, a distance of about 
400 miles (644 km.).. This is not, however, the maxi- 
mum. possible number of telegraph circuits which can 
be derived from the type of circuit used with thisinstal- 
lation. Four-wire circuits which are loaded with coils 
of small inductance transmit a wider range of fre- 
quencies and are already in use for telephone purposes. 
If such circuits were used instead of the type employed 
' with the present installation, at least fifteen two-way 
carrier telegraph circuits could be obtained. 


DESCRIPTION OF APPARATUS 


Carrier Current Generator. Vacuum-tube oscillators 
are the source of the carrier current in carrier systems 
previously developed. In this system, however, all 
the carrier currents for the ten channels are obtained 
from a compact multi-frequency generator driven by 
a motor built into the same housing with the generator. 

The generator is an inductor-alternator designed to 
generate currents of ten different frequencies in ten 
different magnetic circuits electrically independent 
of each other. The machine has two field coils common 
to all the stators. The exciting current for these two 
windings is supplied by a storage battery. On the 
pole are of each stator opposite each of the narrow 
disk-like rotors, mounted in a row on the shaft, are cut 
a number of slots, the number per unit length depend- 
ing on the frequency to be generated. The stator 
windings for each circuit are placed in these slots. The 
rotor belonging with each stator has a corresponding 
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group of slots cut in it but no windings are placed in 
these rotor slots. The result is equivalent to ten sepa- 
rate alternators except that the field excitation is com- 
mon to all. The flux in any stator tooth is greatest 
when a rotor tooth is opposite it and least when a rotor 
slot is opposite it. This variation in flux in the stator 
teeth as the rotor moves induces the voltage in the 
windings on these teeth. All the windings of a given 
stator are connected in series, so the total voltage gen- 
erated in each stator is the sum of theseparate voltages 
in the several windings. 

A comparatively small generator is able to supply 
carrier currents to several ten-channel systems be- 
cause, by using terminal repeaters or amplifiers (Fig. 
3) the amount of energy required to operate each tele- 
graph channel is very small, and no channel produces 
any noticeable interference in another drawing current 
from the same stator winding. The terminal voltage 
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of each stator is 0.7 volt and a current of 40 mils may 
be drawn from it without producing change a in terminal 
voltage sufficient to cause interference in any telegraph 
circuit drawing current from the same set of windings. 

The driving motor is a small shunt-wound machine 
which receives its energy from a 24-volt storage bat- 
tery. The speed of the motor is maintained accurately 
at 1700 rev. per min. by means of a centrifugal type of 
governor which controls the amount of current flowing 
through the shunt field winding. As the stability of 
the carrier frequencies depends on the constancy of 
the motor speed, it is necessary that the governor con- 
trol the speed within narrow limits. | 

As a means of checking the speed of the generator 
an electrical frequency indicator is provided. This de- — 
vice is connected to and indicates the frequency of one 
of the generator circuits. As the frequency of an 
alternator is directly proportional to the speed it gives 
an indication of the correctness of the speed and also 
of all frequencies produced by the generator. 

Filters.. Fig. 5 shows the transmission characteris- 
tics. of the transmitting and receiving filters. These 
filters are designed to transmit as wide a range in the 
neighborhood of the carrier frequencies as is necessary 
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to secure the desired quality of transmission and at the 
same time exclude interfering currents, whether they 
be caused by foreign interference, direct transmission 
from other channels, or distortion in the repeater tubes. 
The principal interfering currents due to the latter are 
located 85 cycles on either side of the carrier frequen- 
cies. The receiving filters have been designed to re- 
duce these interfering currents to about 10 per cent of 
their original value. 

In addition to screening out any undesired frequen- 
cies produced in the generator windings, the sending 
filters have the following more important functions. 
Each sending filter presents a high and comparatively 
non-dissipative impedance to the currents issuing from 
the other sending filters and also “rounds off’’ the 
impulses of the modulated carrier wave passing through 
it. The modulation of the carrier current by the 
sender’s key produces what is called a “square’”’ wave, 
that is, a wave containing not only the carrier plus and 
minus the frequency at which the key is operated but 
also the carrier plus and minus a large number of 
multiples of the frequency. Some of the component 
frequencies of this transmitted wave not only are found 
unnecessary in reproducing the transmitted signal at 
the receiving end but also lie within the range of adja- 
cent channels and produce interference in them unless 
screened out by the sending filter in the channel in 
question. 

The effect of the sending and receiving filters in 
“rounding off” the modulated carrier wave, that is, 
in screening out the objectionable components of the 
signal wave, is shown by the oscillograms of Fig. 4. 
The combined effect of the two filters on the shape of 
the modulated carrier may be seen by comparing oscil- 
lograms (6) and (d) of this figure, which show respect- 
ively the appearance of the modulated wave before it 
enters the sending filter and after passing through the 
sending filter, over the line and through the receiving 
filter. Another interesting point in connection with 
these oscillograms is the time lag due to the circuit 
which is shown by the relative differences in position of 
the two waves referred to above. Owing to the limi- 
tations imposed by the ordinary oscillograph all of the 
traces shown in Fig. 4 were not taken simultaneously. 
This accounts for minor inconsistencies which are 
revealed by a careful inspection. 

Detector. The detector receives alternating-current 
signals from the line after the signals belonging to that 
particular channel have been selected by the receiving 
filter. It consists of two vacuum tubes in tandem, 
the first tube (Fig. 3) amplifying the received signals, 
and the second converting them into direct-current 
pulses which operate the receiving relay. The receiv- 
ing relay then repeats these telegraph signals into the 
receiving direct-current circuit which contains the 
receiving sounder. 

To improve the operation of the receiving relay a 
device called an accelerating circuit or “‘kick’’ circuit, 
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such as is used in open-wire carrier-telegraph systems, 
is interposed between the detector tube and the re- 
ceiving relay. This circuit is obtained by introducing a 
transformer whose high-voltagesideis connected in series 
with the detector tube and a winding of the receiving 
relay and whose low-voltage sideis connected to another 
winding of the relay. When the current in the high- 


‘voltage side is constant, there is no current in the low- 


voltage side, but if the former current suddenly 
changes, as at the beginning or end of a marking signal, 
there is a sudden rush of current in the low-voltage 
circuit which has the effect of causing the relay to oper- 
ate promptly and positively. 7 

Relays. As shown in Fig. 3, the sending and receiv; 
ing relays are of the polar type. These relays 
are identical and interchangeable with those used. in 
the metallic and open-wire carrier-telegraph systems. 
They are described in the paper on telegraph relays 
which has been prepared for presentation at this meeting. 

Power and Testing Equipment. In the development 
of the voice-frequency carrier telegraph system, the 
central thought was the desirability of designing a sys- 
tem which would fit into the existing cable telephone 
and telegraph plant. It has been possible to use the 
standard voltages obtainable from the storage bat- 
teries in such plants without exception. 

In line with the policy of simplifying this new sys- 
tem as far as possible, the amount of auxiliary testing 
apparatus was reduced to a minimum. This policy 
has been assisted by the stability of the cable circuits 
and the use of a multi-frequency generator as a source 
of carrier currents. Only two pieces of special testing - 
apparatus are used at each station, namely, the fre- 
quency indicator, and a thermo couple voltmeter for 
checking the alternating voltage in each generator 
circuit. 


LINE AND REPEATERS 


As has been pointed out elsewhere in this paper, the 
voice-frequency carrier telegraph system was designed 
primarily for use on small-gage, four-wire cable circuits. 
These circuits are loaded and provided with vacuum 
tube repeaters at 50 to 100-mile (80.5 to 161 km.) in- 
tervals, depending on the weight of loading used. The 
repeaters used in long toll circuits are similar to those 
described at an earlier date. The characteristics of 
the long cable circuits used in voice-frequency carrier 
telegraph transmission have also been described in a 
more recent paper.® 


EQUIPMENT FEATURES AND ARRANGEMENTS FOR GIvV- 
ING SERVICE 


The apparatus which is associated with a: of the 
ten two-way circuits in this system has been segregated 
according to function and*each group of apparatus per- 

5. Telephone Repeaters, by Bancroft Gherardi and Frank B. 


Jewett, Transactions, A.I.E.E., 1919, page 1287. 
6. Clark, Loe. cit. 
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form ng the same function, such as the detector, has 
been mounted on a separate steel panel. Each one 
of these panels forms a unit in itself. This type of 
construction allows the substitution of new apparatus 
performing some particular function in the system 
without an expensive redesign. Thus, it is possible to 
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install future improvements in the several circuits of 
the system in an economical manner. 

These unit panels are mounted on pairs of vertical 
I-beams and the combination is termed a “‘bay.’”’ The 
bays are of different heights, depending on the-require- 
ments of the office in which they are installed. Fig. 
6 shows a line-up of so-called low-type bays (about five 
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feet high) in the Pittsburgh office. Each bay in this 
line-up contains sufficient equipment to provide for 
the transmission and reception of signals at the Pitts- 
burgh terminal of one of the ten two-way telegraph 
circuits. Fig. 7 shows a line-up of similar equipment 
in the New York office, this layout differing from the 
one in Pittsburgh in that it uses high instead of low- 
bays. Each bay in this line-up contains sufficient 
terminal equipment for two of the ten two-way tele- 
graph circuits. 

In addition to the bays described above there are 
three bays, carrying auxiliary equipment. Thisauxiliary 
equipment consists primarily of control and testing 
apparatusfor batteries and carriersupply. Twoof these 
bays, namely, the generator and carrier supply bays are 
shown in Fig. 8. This figure shows two of the multi- 
frequency generators (one a spare machine) described 
above, and the carrier testing equipment. The control 
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equipment associated with these machines is mounted 
on the panels above the generator and the frequency 
indicator is mounted on the panel to the right of this 
control apparatus. 


SWITCHING AND MONITORING ARRANGEMENTS 


The monitoring arrangements, which enable the 
attendant to check the quality of signals passing over 
a circuit or to trace trouble quickly and easily, are 
similar to those now in use in the open-wire carrier and 
metallic telegraph systems. These arrangements are 
described in the paper on the metallic telegraph system 
which has been prepared for presentation at this meet- 
ing and, therefore, will not be given in detail here. In 
a general way it may be said that switches and meters 
are provided to connect the telegraph batteries to local 
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apparatus, to provide either one-way or two-way 
service and to facilitate repeating to other telegraph 
systems. 

CAPABILITIES OF SYSTEM 


Field tests over the New York-Pittsburgh system 
have shown that each telegraph circuit derived there- 
from is of high grade, allowing signal speeds of 35 to 
40 eycles per second. That is, with machine sending, 
it is possible to transmit 140 to 160 words per minute 
(five letters and a space per word) each way over each 
telegraph circuit. Considerably higher speeds may of 
course be obtained by widening the frequency range 
assigned to each telegraph circuit. 

The New York-Pittsburgh system may be used in 
connection with a multiplex printing telegraph system 
and three printer messages may then be sent simul- 
taneously in either direction on each carrier circuit. 
Assuming 50 words per minute as the working speed 
for each of the three printers a total of 1500 words per 
minute could be transmitted simultaneously in either 
direction over the ten circuits. 

A simple numerical example will indicate what is 
technically possible by the application of this type of 
telegraph system to toll cables. A toll cable 2 5/8 
inches (6.7 em.) in diameter contains about 300 pairs 
of No. 19 B. & S. gage (0.91 mm.) conductors. Utiliz- 
ing the phantom circuits this gives a total of 225 four- 
wire circuits. Counting 30 messages in each direc- 
tion per four-wire circuit it is evident that it is technic- 
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ally possible to transmit 6750 messages in each direc- 
tion simultaneously. 

The “break’’ feature of this system is satisfactory. 
It functions in a manner similar to that used with the 
metallic telegraph system. It takes about 0.1 second 
to transmit a “break” signal over a 1000-mile (1610 
km.) circuit. 


FIELDS OF APPLICATION 


It will be evident that while the foregoing descrip- 
tion assumes that this system is applied to four-wire 
circuits, it could be readily applied to two-wire circuits 
by transmitting half of the carrier frequencies in one 
direction and the other half in the opposite direction. 
Furthermore, if the impedance characteristic of the 
line could be reproduced with sufficient accuracy in 
networks to balance the line at the repeaters, the same 
frequencies could be transmitted in both directions 
and as many of them could be so transmitted as the 
natural “cut-off”? of the line would permit. 

While the voice-frequency carrier telegraph system 
has been designed primarily for use on an ordinary 
telephone circuit, the system may be applied to carrier 
telephone or radio telephone channels without involving 
radical changes in either the telegraph system or the 
telephone circuit to which it is applied. 


Discussion 


For discussion of this paper see page 339. 
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Synopsis.—This paper is to discuss two forms of polarized 
telegraph relays which have been. developed by the Bell System 
and applied originally to the metallic telegraph system. One of 
these relays was designed primarily for operation under severe and 
exacting circuit conditions and the other for application generally. 
Both relays are of the same general construction except that the 
former is more sensitive than the latter and is furnished with an 
auxiliary accelerating winding. Furthermore, this relay has in- 
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corporated in it certain refinements in construction and materials, 
which cause it to be extremely sensitive and to give reliable service 
for a comparatively long period without attention. The con- 
struction is of special interest in that the polarizing force of the 
permanent magnet is neutralized by the mechanical restraining 
force of the armature. A magnetic material having characteristics 
well suited to relay design and a new contact materialare employed, 
which greatly improve the operating characteristics of the relay. 


INTRODUCTION 


HE development of new types of sensitive polarized 
relays, for use in the Bell System, was undertaken 
as a result of a demand which arose in connection 

with the development of the metallic polar-duplex tele- 
graph system. A paper on this system is being pre- 
sented at this session.*? Later these relays were applied 
to the carrier telegraph systems,‘ one of which is being 
described in a paper at this meeting. 

A number of polarized relays, manufactured in this 
country and abroad, were experimented with and 
found inadequate, in certain respects, for application 
to these systems without extensive modifications. For 
satisfactory performance, it was found that the relay 
should meet the following general requirements: 1. 
Have a high degree of sensitivity, 2. Retain adjustment 
for a long period, 3. Faithfully and accurately repeat’ 
signals with a small amount of maintenance. 

From the standpoint of sensitivity, the relay is 
required to operate on reversals of line current of a 
minimum of one milliampere and at the same time 
obtain proper impedance characteristics without -ex- 
ceeding practical limits in the dimensions of the wind- 
ings. Over small-gage cable conductors having large 
mutual capacity and high resistance, the wave-shape 
of the received current is badly distorted. This 
wave-shape, in addition to the magnitude of the current 
available, makes more drastic the requirements for 
sensitivity. It is interesting to note that, under 
average conditions, the ratio of power controlled by 
the contacts in the local circuit to that required by the’ 
line windings, is about five thousand to one. 


In the case of main-line telegraph relays, it is essential 
that no considerable changes in length of signals take 
place as such effects are generally cumulative over long 
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circuits, where several relays are employed in repeating 
signals. As contrasted with relays used for circuit- 
switching purposes, telegraph relays are called upon to 
function continuously under severe conditions, and to 
perform successively hundreds of thousands of times in 
a few hours. 

In order to furnish a good quality of telegraph serv- 
ice, it is essential that very few relay failures occur 
during service periods. If this is not accomplished, 
considerable valuable circuit-time is lost and the 
relay maintenance expense becomes an excessive factor 
in the cost of giving service. 
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DESIGN FEATURES 


The relay which has been designed to meet the fore- 
going requirements is shown in Fig. 1 and is known as 
the 209-F'A relay. 

A polarized relay is fundamentally different in its 
operation from the ordinary neutral relay, in that it is 
selective to the polarity of the operating current and is 
more sensitive in its operation. A type of magnetic 
circuit was chosen which, it was felt, would best lend 
itself to obtaining a relay which would meet, as com- 
pletely as possible, all of the requirements above 
outlined. 
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Fig. 2 shows the magnetic circuit and the arrange- 
ment of the relay elements. It is seen to consist of a 
Wheatstone-bridge type of magnetic circuit in which 
the four equivalent air-gaps, two upper and two lower, 
may be considered as the four arms of the bridge with 
the permanent magnet placed across two opposite 
corners of the bridge and the armature and windings in 
the position customarily occupied by the galvanometer. 
The operating windings are placed over the armature in 
the form of a single stationary spool, sufficient clearance 
being provided to allow the armature to move within 
the spool. The paths of the polarizing and operating 
fluxes are shown by the solid and dash lines, respect- 
ively, for the armature in its midway or neutral 
position. When the armature is in the midway 
position there is no polarizing flux through it, since it 
connects two points of the circuit of equal magnetic 
potential; as it moves toward the left pole-piece, the 
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polarizing flux flows through it in a direction assumed 
to be positive and when it moves toward the right 
pole-piece, the polarizing fiux flows in the opposite or 
negative direction. The operating flux, in addition to 
the two return paths shown through the yokes, has a 
third path through the permanent magnet, but, sub- 
stantially, none of this flux returns by this path due to 
the high reluctance of the permanent magnet as com- 
pared to that of the yokes. It is seen that these fluxes 
aid and oppose each other in the four gaps in such a 
manner as to produce a torque on the armature about 
a point midway between the upper and lower sets of 
air-gaps. With the direction of fluxes shown, the 
armature would tend to move in a clockwise direction. 
The forces established in all four of the gaps can be 
utilized in moving the armature only when the armature 
is movably supported at a point midway between the 
upper and lower gaps. In the design of this relay, the 
armature is not supported at this point, but is firmly 
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clamped and supported at the lower gaps between the 
yokes, non-magnetic spacers forming proper reluctances 
to prevent short-circuiting the permanent magnet. 
This method of suspension, of course, prevents the 
forces established im the lower gaps from doing useful 
work upon the armature, but the overall advantages 
gained by this arrangement more than compensate for 
the apparent loss in sensitivity. This method of 
armature support permits of a more simple design of 
the relay; it eliminates the use of pivots; it permits 
the use of a single-spool construction instead of a two- 
spool arrangement; it allows a more practicable adjust- 
ment of the relay and more stable operation, and it 
affords a simple arrangement whereby the stiffness of 
the armature can be utilized to neutralize the polarizing 
force acting on the armature, thereby increasing the 
sensitivity of the relay as will be explained later in 
greater detail. 

The pull acting between the pole-piece and the 
armature in each gap is expressed, according to Max- 
well’s law, by the equation: 


= Gitta ° 2 

Fr 8x5 ean (op + 26,9: + 6?) 
where P is the force in dynes, ¢, is the polarizing flux 
in the air-gap set up by the permanent magnet, ¢; is the 
operating flux generated in the air-gap by the winding 
(both expressed in maxwells), and S is the effective 
area of the air-gap in sq. cm. 

This shows that the pull acting on the armature in 
each air-gap is made up of three components: The first 
term is the pull due to the permanent magnet and is the 
force acting on the armature with no current on the 
relay and is commonly spoken of as the polarizing 
force. The second is the important component, as it is 
the force which operates the relay; it is this component 
which makes the relay selective to the polarity of the 
operating current because its direction is dependent 
upon the sign of ¢;. Since its magnitude is propor- 
tional to the product of the polarizing flux and the 
flux generated by the operating current it shows why a 
high polarizing intensity is effective in obtaining a 
highly sensitive relay. The third term is a pull on the 
armature which would be the only one to appear if the 
relay were not polarized and is of twice the frequency 
of the second term. 

As explained above there are two magnetic air-gaps 
in which forces are effective to produce motion of the 
armature, and it is the resultant of these component 
forces in the two air-gaps that controls the relay. In 
Fig. 3 is shown how the resultant of the polarizing 
components of force in the two air-gaps varies as the 
armature is displaced in the air-gap. In the midway or 
neutral position of the armature the resultant polarizing 
force on the armature is zero, but as the armature is 
displaced in either direction the force is one of attraction 
of increasing intensity between the armature and 
pole-piece toward which the armature is displaced as 
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shown by the solid line. The armature, being sup- 
ported’in cantilever beam fashion, will be resistant to 
displacement from its midway position in the air-gaps 
due to its natural stiffness. This force of restitution 
of the armature.is opposite in direction or opposing to 
the polarizing force as the armature is displaced from 
the midway position and is proportional to the dis- 
placement. If the armature is designed so that its 
force of restitution is approximately equal to the polar- 
izing force acting on it for all positions of the armature 
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the sensitivity of the relay will be greatly increased. 
Thus, in Fig. 3, if the polarizing force on the armature 
were not in some manner neutralized, the work required 
to move the armature across the air-gap would be 
- represented by the area ABD. By balancing the force 
of restitution of the armature against the polarizing 
force on the armature in the manner described, the 
work necessary to move the armature across the air-gap 
is reduced to the area represented by ACD. In 
actual practise, the motion of the armature is limited 
by the contacts rather than by the pole-pieces, and the 
displacement of the armature between the contacts is 
made small in comparison with the length of the mag- 
netic air-gaps. Hence, the working range of the 
armature displacement in the magnetic gaps is limited 
to a short distance on either side of the neutral position 
shown in Fig. 3, where a very close balance between the 
polarizing force and restitution force of the armature, 
can be realized. The armature is practically in a 
floating condition and can be controlled by the applica- 
tion of a small force. The advantage of neutralizing 
the polarizing force on the armature by an external 
force and thus increasing the sensitivity of the relay 
was pointed out by Mr. D. D. Miller of the Bell Tele- 
phone Laboratories, Incorporated. 

Fig. 4 shows how the resultant of the operating forces, 
or the component represented by the second term of the 
above discussed equation varies in the two gaps as the 
armature is displaced in the air-gap. The condition of 
constant strength and direction of current through the 
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relay winding is assumed. It is minimum when the 
armature is in the midway position and increases as the 
armature moves toward either pole-piece. Its direction 
may be either to aid or oppose the direction of the 
polarizing component shown in Fig. 3, since it is de- 
pendent upon the direction of the operating current. 
It is this component of force which controls the opera- 
tion of the relay under influence of the operating 
current and it can be of small magnitude since it need 
be only of sufficient value to upset the equilibrium of 
forces shown in Fig. 3. The third component of force, 
acting on the armature represented by ¢? is of small 
magnitude compared to the first two terms, but its 
effect is to decrease the sensitivity of the relay and 
increase the distortion and residual characteristies, 
since its direction opposes the operating component 
when the armature moves toward the neutral position 
and aids it when the armature moves away from the 
neutral position. 

Thus it is seen that when the relay operates under 
the influence of reversals of current through the relay 
winding, both the operating and polarizing fluxes re- 
verse in direction through the armature, which causes 
the relay to be highly sensitive to the magnetic prop- 
erties of the armature. The parts entering into the 
magnetic circuit of this relay, except—the permanent 
magnet—are made of an improved magnetic material 
known as permalloy*® recently developed in the labora- 
tories of the Bell System. This material has a very 
low coercive force compared to customary magnetic 
materials used in relays, resulting in almost complete 
collapse of the operating fiux when the magnetizing 
force is removed. As a result, distortion of the re- 
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peated signal is less, since the relay is less affected by - 
the previous state of magnetization to which it may 
have been subjected by the preceding signal. On ac- 
count of the higher permeability and the smaller re- 
sidual effects of the material, the sensitivity of the 
relay is increased. It is evident from Fig. 3 that if the 
relay retains an appreciable amount of residual mag- 

5. ‘Permalloy, a New Magnetic Material of Very High 
Permeability” H.D. Arnold and G. W. Elmen. The Bell 
System Technical Journal for July 1923. Page101. “Electrical 
Communication”’, April 1924. 
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netism after the subsidence of the signal current, it 
will cause the armature to become biased by upsetting 
the balance between the polarizing and restitution force 
and decrease the sensitivity of the relay on the succeed- 
ing signal. Thus the use of this material results in 
marked improvements in the operating characteristics 
of the relay. 

The relay is provided with six separate windings; 
four are employed as line windings, and two as auxiliary 
windings connected in a local circuit. The require- 
ments of the metallic polar-duplex telegraph system 
are such that the four-line windings should be mutually 
balanced to a high degree both with respect to their 
impedance characteristics and their operating effects 
upon the relay. In order to meet these requirements 
it is necessary that each of the four windings have the 
same number of turns and resistances and be sym- 
metrically located with respect to thearmature and work- 
ing air-gaps of the relay. This is obtained in practise 
by spirally twisting four well-insulated copper wires 
together and then winding as a single conductor on the 
relay spool in the usual manner. On top of and con- 
centric with the line windings are two conductors wound 
in parallel. In the metallic telegraph system, these 
two windings are used in a circuit to form what is 
known as the vibrating or accelerating circuit, and this 
circuit is controlled from the contacts of the same re- 
lay. This feature serves to reduce distortion of signals 
by causing the relay to operate under the influence of 
the current in a local circuit before the operating cur- 
rent from the line at the time of reversal becomes suffi- 
cient to move the armature. It also reduces the 
armature travel-time and chatter and tends to make 
the relay more sensitive in its operation. 

The relay contacts are required to make and break 
fairly large currents in circuits having large values of 
inductance and capacity. On relays used in terminal 
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type repeaters, the voltage between one stationary con- 
tact and the corresponding armature contact is 240 
volts. Due to the feeble currents which operate the 
relay, the contact-gap must necessarily be small, which, 


in practise, is adjusted to about 0.004 in. (0.10 mm.).. 


The work of obtaining an adjustment of this gap is 
aided by marks on the capstan head of the contact 
screws. It is highly desirable to have a relay the con- 
tacts of which do not rebound or chatter as the arma- 
ture breaks and makes contact. By eliminating con- 
tact-chatter the relay will be capable of transmitting 
signals at greater speeds and with less distortion, and 
the life of the contacts will be increased. An extended 
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study of the dynamic action of the armature at the 
contacts was made with a view of diminishing or elim- 
inating contact rebound. This is an old problem of 
telegraph relay design and many efforts have been 
made during the past to solve this problem satisfac- 
torily, but most solutions proposed resulted in devices 
or designs which were complicated and not adapted for 
commercial use. 

A practical design of armature was developed, which 
is easy to manufacture and is effective in eliminating 
contactrebound. This design is shown schematically in 
Fig. 2 and by aphotographin Fig.5. Themagnetic part, 
of the armature extends through the relay coil and is 
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Upper curve—Armature of ordinary design 
Lower curve—Armature of standard design 


just long enough to reach through the working air- 
gaps. The armature is extended to the stationary 
contact screws of the relay by riveting on to it two 
nickel-silver springs carrying the armature contacts. 
These two springs are bent at the free end and ten- 
sioned so that they touch and rest upon one another 
with a fixed pressure between them. By this con- 
struction the mass of the moving end of the armature 
is kept as small as possible so that at the moment of 
impact the tendency to rebound .is thereby reduced. 
When the armature contact strikes the fixed contact 
one armature contact spring is displaced with respect 
to the other spring causing the ends of the springs to: 
slide upon each other. This rubbing action tends to 
damp out the rebound as the energy ‘of impact is ab- 
sorbed by friction between the two springs. Other 
advantages gained by keeping the effective mass of 
the armature small, are reduction in the travel time of 
the armature and quicker time of response. In order 
to prevent the armature from adhering to either pole- 
piece, small nickel-silver disks are welded to each side 
of the armature directly opposite to the pole-pieces. 
Fig. 6 shows oscillograms of the current from the arma- 
ture contacts with the relay in a terminal type metallic 
telegraph repeater, operating full duplex. The top 
wave shows the current from the armature contacts. 
with the relay equipped with an armature of ordinary 
design, that is, having the contacts mounted directly 
on the magnetic material which extends the entire 
length of the armature. The lower wave shows the 
same relay operating under identical conditions as 
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above except that it is equipped with the standard design 
armature shown in Fig. 5. The improvement in the 
repeated signal of the relay is apparent both with re- 
spect to contact chatter and travel-time of the relay. 
On account of the high voltage, the energy content 
of the circuits which the relay controls, the small con- 
tact-gaps and the feeble forces available to operate the 
relay, it was found that contacts made of material 
usually found on telegraph apparatus would not with- 
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stand the large number of operations daily required 
without excessive: maintenance. This problem was 
studied with reference to the contact requirements of 
relays operating under the conditions imposed by the 
various repeaters, and an alloy was developed which 
is a decided improvement. The use of this improved 
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contact material extends the service period of the relay, 
without contact failure, to approximately thirty times 
over that with alloys previously used. Fig. 7 shows 
photo-micrographs of armature contacts of a relay 
which had been in service for 814 months without 
being removed from service. This amount of service 
is equivalent to each contact making and breaking 
the circuit approximately 45,000,000 times. 

One of the design features of this relay is the ar- 
rangement which permits of the ready removal of the 
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relay from the circuit. This feature is illustrated in 
Fig. 8, which shows the relay with its cover attached 
to a mounting plate and connecting block. The square 
phenol-fibre base of the relay is provided with four 
guide pins which definitely locate the relay with re- 
spect to the mounting plate and the connecting block, 
and is also furnished with 15 terminals on which elec- 
trical connections to the windings and contacts of the re- 
lay are terminated as shown in detail in Fig. 1. The 
connecting block is the medium by which electrical con- 
nection is established between the circuit and the relay. 
It is fastened to the rear of the mounting plate, has the 
same number of terminals as the relay, and the circuit 
is permanently wired to these terminals. When the 
relay is inserted into position on the mounting plate, 
electrical contact between the relay and connecting 
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block terminals is automatically established: Resilient 
members fastened on the rear of the mounting plate, 
engage into recesses in the four guide-pins and hold 
the relay rigidly in position on the mounting plate. 
In case of relay trouble, the relay may be quickly re- 
moved and a spare relay inserted, thus keeping the 
time of circuit interruptions to a minimum. 

There are a number of places in these systems where . 
polarized relays are required, but which do not have 
to operate under as exacting conditions as the relay 
just described. For this purpose, a cheaper relay has 
been developed known as the 215-A relay, and this is 
shown in Fig. 9. It employs the same type of mag- 
netic circuit as the 209-F' A relay, and the same design 
features of mounting and chatterless armature springs 
are also incorporated. It does not have as refined ad- 
justing features, nor will it operate on as small cur- 
rents. It is provided with two balanced line windings. 
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APPLICATION AND MAINTENANCE 


At the present time there are in operation about 
2500 of the 209-type relays. Of this number, about 
2000 are operating in the metallic telegraph system 
and the remainder in the carrier telegraph systems. 
These carrier telegraph systems make use of about 
1000 relays of the 215-type and in the metallic tele- 
graph system, about 2400 relays of this type are used. 

As aresult of field experience, it has been found that 
the maintenance schedules for these relays can be ar- 
ranged to cover long periods with practically no inter- 
ruptions occurring in service. In terminal-type re- 
peaters and through-type metallic repeaters, this 
period is for satisfactory relay operation, approximately 
three months and six months, respectively. 

Means are specially provided whereby these relays 
may be checked or adjusted quickly and accurately 
external to the telegraph repeaters; that is, the relays 
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are adjusted to the best operating condition without 
consideration of the telegraph circuit to which they are 
to be applied. This arrangement, known as a relay- 
test table, is shown in Fig. 10. These tests consist 
of obtaining an inspection and adjustment for sensi- 
tivity, differentiality, and freedom from bias. A local 
vibrating circuit is also provided for testing the 209- 
type relay so that it will function properly under the 
influence of the vibrating circuit in the telegraph 
repeaters. 

The essential steps in adjusting a relay consist in 
withdrawing the contact screws sufficiently to permit 
inspection and cleaning. The pole-pieces are then 
withdrawn so that the effect of the permanent magnet 
upon the armature is made small, thus permitting the 
armature to stand in its neutral position. Any for- 


-mm.). 
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eign material may be readily removed from the work- 
ing air-gaps. Each contact-screw is then adjusted 
independently so as to have a separation of 0.002 in. 
(0.05 mm.) from the corresponding armature contact, 
and this results in a contact travel of 0.004 in. (0.10 
Following this, the pole-pieces are adjusted 
so that the relay will respond without bias to 20-cycle 
a-c. ringing current of a magnitude about equal to that 
availaple in the telegraph repeaters. In order to have 
a margin of operation in the repeater, a d-c. sensi- 
tivity test is given with less current than above. In 
addition to the above a vibrating-circuit test on the 
209-type is made. In general, the time required to 
adjust and test a relay is about six minutes. 


Appendix 


This appendix will consider briefly the ad- 
vantages derived by the application of permalloy 
magnetic material to the polarized telegraph relay 
developed for use under comparatively severe and 
exacting circuit conditions. As pointed out in the 
body of the paper, this new magnetic material has 
a lower coercive force and higher permeability than 
magnetic materials ordinarily employed in relay con- 
struction. 

The small amount of residual magnetism existing in 
this new magnetic material on account of its low coer- 
cive force as compared with a commercial grade of 
silicon steel, reduces appreciably the effect of bias, 7. e., 
lengthening or shortening of the telegraph signals. 
Also, the sensitivity, the stability and service life of the 
relay are increased. This increase in service life is on 
an average of about 50 per cent. A comparative value 
of the residual effects of the magnetic material used in 
the armature, yokes and pole pieces of two relays which 
are otherwise identical in their construction, can be 
realized from the following: 

If a relay is magnetized with 120 ampere-turns, it is 
found that the contact pressure as a result of the residual 
properties of the magnetic material is in the case 
of a relay equipped with the permalloy material 
about one-seventh of that obtained when ordinary 
magnetic material is used. This value of 120 ampere- 
turns is approximately fifteen times that employed 
under normal telegraph circuit conditions. 


Furthermore, the use of this new material causes an 
increase in contact pressure under average working 
conditions of about 50 per cent., which is in general a 
factor contributing towards minimizing contact 
chatter. 

The minimum operating current for satisfactory 
telegraph signals is decreased on relays equipped with 
this permalloy material from about two milliamperes to 
one milliampere. Of course, in telegraph practise, 
in order to introduce a certain margin of operation, 
a somewhat larger current than ‘one milliampere is 
often used. - . ; oy Behe 
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VOICE-FREQUENCY CARRIER TELEGRAPH SYSTEM 
FOR CABLES 


(Hamiutton, Nyquist, Lona anp PHELPS) 
POLARIZED TELEGRAPH RELAYS 
(Fry AND GARDNER) 

New York, N. Y., Fepruary 12, 1925 


J. J. Pilloid: The three papers, Metallic Polar-Duplex 
Telegraph System for Long Small-Gap Cables, Voice-Frequency 
Carrier Telegraph Systems for Cables and Polarized Telegraph 
Relays, describe two telegraph systems particularly adapted for 
use on long toll cables, and a relay which is an important feature 
of the two systems. By long toll eables we mean here cables 
several hundred, or a thousand or more, miles long, used for 
telephone or telegraph purposes. 

Such cables, as it has been reported to the Institute before, 
ean each take the place of about ten heavily loaded open-wire 
lines, and they are used in sections where traffic is heavy. That 
means, of course, that there will be sections of the country where 
eables will not be placed for a good many years and so the older 
and existing telegraph systems (that is, the ground-return sys- 
tem) will be used for many years. One of the prime requisites, 
therefore, of these new systems, as brought out in these papers, 
is that they shall’ be adaptable for working with the existing 
systems. 

There is just a mention of this idea on the fourth page of the 
voice-frequeney carrier telegraph system paper, and if I do 
nothing else, I would like to emphasize that one statement. It is 
tucked away where you can hardly see it. It reads: “‘In the 
development of the voice-frequency carrier telegraph system, the 
central thought was the desirability of designing a system which 
would fit into the existing cable telephone and telegraph plant.” 
As I pointed out before, it is also advisable that it fit into the 
existing open-wire telephone and telegraph plant. 

The extent to which these systems will be used depends, of 
course, upon the development of this long toll cable plant and 
possibly a word as to the present development of that might be of 
The cables at the present time are in service, as you 
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know, from Boston to Washington and from New York through 
to Cleveland and to a point about half-way between Cleveland 
and Toledo. We expect to finish the cable into Toledo in a few 
weeks, where it will connect with a cable which is now in service 
between Toledo and Detroit. Cable is also in service for a 
distance of about 100 mi. east of Chicago, as far as South Bend, 
and work is under way on the remaining gap between Toledo 
and South Bend. It is expected that that section will be com- 
pleted about October of this year. Also. plans have been ap- 
proved for a cable from St. Louis to Peoria and it is expected 
that this section will be completed to Chicago in 1926, so that we 
already have several long toll cables to operate these systems on, 
and are going to have more. 

As the cables reach successive cities along the way toward their 
ultimate destinations the new telegraph systems and also the 
telephone systems join the older systems, and it is advantageous 
that both are easily adaptable and flexible enough for this 
purpose. 

The voice-frequeney telegraph system paper refers to the 
speed and message-carrying capacity of these systems. On the 
last page something is said about 6750 messages simultaneously 
each way on one full-sized cable. If such a cable, fully equipped 
with these systems, were devoted entirely to telegraph service, 
one could transmit all of the text of the five papers presented 
in this communication session and all of the discussions, in a 
fraction of a minute. 

R. N. Nicely: The voice-frequency carrier telegraph system, 
providing as it does, a large number of telegraph circuits with a 
comparatively small amount of intermediate repeater apparatus, 
is well suited to use on long trunk routes between widely sep- 
arated large cities from which distribution to outlying points is 
made by other telegraph systems. It will satisfactorily trans- 
mit signals at considerably higher speeds than is the case with 
aerial wire grounded polar duplex circuits used in the telephone 
plant and is therefore well suited to use with start-stop or 
multiplex printing telegraph apparatus. 

It may he of interest to point out that the metallic polar duplex 
telegraph system and the voice-frequeney carrier telegraph 
system may, if desired, be operated simultaneously on the same 
cable conductors. 


The Rotating Magnetic Field Theory of A-C. 
Motors 


BY. Kee 
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Synopsis.—The predetermination of the performance of a 
polyphase a-c. machine is greatly facilitated by the fact that at con- 
stant voltage and frequency tis magnetic field is of constant intensity 
and rotating with uniform velocity. It is easy to form a mental 
picture of lines of force moving in space and being cut by conductors, 
which may be moving or stationary. Furthermore, the rate of 
cutting, and therefore the generated voliages, which form the basis for 
quantitative analysis, are readily determined by the relative motion 
of the flux and the conductors. 

Because of the ease with which a physical conception can be 
formed of a rotating magnetic field, the idea of considering a single- 
phase aliernating field as made up of two oppositely rotating fields 
has been found very useful. In a paper enttiled “A Physical 
Conception of the Operation of the Single-phase Induction Motor” 
TRANSACTIONS A.I. E. E., 1918, p. 627), Mr. B. G. Lamme 
has given an excellent description of single-phase induction motor 
operation based on a conception of two oppositely rotating magnetic 
fields. 

From the discussion of Mr. Lamme’s paper, it appears to be the 
concensus of opinion that the method he uses furnishes the simplest 
and clearest physical conception of the single-phase motor. How- 
ever, this is not the method usually employed in the quantitative 
analysis. Reference io text books will show thai the mathematical 
treatment is usually based on the so-called “‘cross field” theory. In 


GENERAL DISCUSSION 


N its general form, the a-c. motor comprises one or 
more stationary circuits and one or more rotating 
electric circuits inductively related to the stationary 

circuits. Energy is transferred from the stationary 
to the rotating circuits through the medium of a com- 
mon magnetic field. In this discussion the magnetic 
field is in general considered the resultant of two 
fields rotating in opposite directions. These two 
components are not necessarily equal, in fact one of 
them may vanish and the resultant is then a uniformly 
rotating field, as for example in a polyphase machine. 
Only motors in which the magnetic reluctance is uni- 
form in all directions will be considered, that is, motors 
with projecting poles are not included. 

There are then two main groups of motors to be 
discussed; the induction type, in which the rotor cir- 
cuits are short-circuited upon themselves; and the 
commutator type, in which the rotor circuits are either 
short-circuited or connected to an external circuit 
through a commutator. A number of essential fea- 
tures are common to both types. Thus, at any speed, 
the m. m. fs. of the rotor rotate with velocities which, 
combined with the velocity of mechanical rotation, 
are always equal to the velocities of the stator fields. 
The common-magnetic field is produced by an m. m. f., 
which is the vector sum of the stator and rotor m. m. fs. 

When running at any slip, s, there are in general two 
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this method the secondary induced voltage ts considered made up of 
two componenis, one the voliage induced by transformer action of the 
aliernating field and the other the voliage generated by rotation of the 
secondary conductors in the magnetic field. 

It has been argued against the method based on two oppositely 
rotating fields, also known as the “‘Rotating Field” theory, that it is 
more apt to lead to erroneous results, requires more expert handling 
and thai it is an indirect method, being based on the previously 
determined performance of the polyphase motor. However, the 
main argument against ti seems to be tts limtiation to induction 
motors only, and that it must be abandoned when we come te motors of 
the commutator type. Even those who otherwise favor the method 
appear to agree that it is not applicable to commutator motors as we 
are then no longer dealing with induction machines, but with shunt 
or series motors, as the case may be. 

The objection to the rotating field theory, that tt is applicable to 
induction motors only, would be a serious one tf it were valid. How- 
ever, tt will be shown in this paper that the theory can be readily 
applied to commutator machines also, and that so far from being 
more apt than other methods to lead to erroneous resulis, ti un- 
deubiedly furnishes the simplest and most direct means for mathe- 
matical deductions in the more complicated problems where three or 
more circuits are inductively related and moving with respect to one 
another. 


voltages induced in the rotor circuits of frequencies s f 
and (2 — s) f, according to whether it is induced by the 


field rotating in the same or in opposite direction to the ~ 


rotation of the rotor, where f is the stator frequency. 
In magnitude the induced voltages are, of course, 
proportional to their respective frequencies. As this 
viewpoint obviously eliminates the necessity of con- 
sidering the rotational and transformer voltages 
separately, the solution of many problems are greatly 
simplified thereby. The torque developed by either 
field is also readily determined, it being in all cases 
the product of the field, the m. m. f. of the rotor cir- 
cuits revolving in the same direction as the field and 
the sine of the angle between them. 

As already stated, the voltages induced in the rotor 
circuits are of frequencies sfand (2—s)/f. In the 
induction type the rotor currents resulting from these 
voltages are likewise of frequencies sf and (2-— s) f. 
However, in the commutator type the resulting rotor 
currents are at all speeds converted by the commu- 
tator into line frequency. In their magnetic reactions 
the rotor currents become fixed in space by the com- 
mutator and the rotor circuits can therefore be con- 
sidered as remaining stationary in every respect, except 
as regards the magnitudes of the induced voltages, 
which are determined by the frequencies of slip, as 
pointed out. 

The rotor currents becoming fixed in space by the 
commutator is the cause of some essential differences 
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in the operation of the induction and commutator 
types. Thus, in the induction machine, the reactance 
of the rotor circuit changes with the slip, while in the 
commutator type it is the same at all speeds. Also, 
by shifting the brushes on the commutator, the relative 
position of the stator and rotor m. m. fs. is changed so 
that the voltages that are induced in the stator circuits 
by the rotor currents may be advanced or retarded in 
time. This becomes of importance when an external 
e. m. f. is impressed on the rotor as it introduces the 
possibility of power-factor correction. 

The subject of power-factor correction has lately 
been the object of considerable discussion and the 
readiness with which the rotating field theory lends 
itself to the analysis of just such problems, involving a 
displacement angle between the stator and rotor cur- 
rents is another marked advantage of this method. 
Application of the method to the analysis of some 


proposed schemes for power-factor correction will be: 


taken up in the mathematical section. 

However, before taking up the mathematical dis- 
cussion, it will be shown by way of illustration how 
readily the method can be applied to the much dis- 
cussed problem of calculating the performance of a 
single-phase induction motor. 

Consider a single-phase motor and a _ two-phase 
motor of the same constants per circuit as the single- 
phase machine. Then if EL be the impressed voltage 
and J, the current per phase of the two-phase motor 
at slip s, the apparent impedance per phase is 


vA Saige 


when running backwards at the same speed, the ap- 


Similarly, if J, is the current per phase 


E 
parent impedance at slip (2 — s) is Z, = as ae It= 48 
b 


then shown in the appendix that the apparent impe- 
dance of the single-phase motor at slip s is Z, = 


Za + LZ 


5 and the current of the single-phase motor is 


Let 7; = torque of two-phase motor at 


slip s and 7, = torque at slip (2—s). The torque 
developed in the single-phase motor at slip s by the 
field revolving in the same direction as the rotor then is 


4 VAS be 


e 
T, = ( = ) x T., where e: = ay and the 
torque developed by the oppositely rotating field 
2 
Lyle 
T, = ( - ) x T,, where e2 = : The result 


ant torque of the single-phase motor at slip s, 7; = 
T,— T.. Herefrom the remaining quantities, power, 
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efficiency and power factor can be determined directly. 
Thus, by extremely simple calculations the performance 
of a single-phase motor is derived from the performance 
of a two-phase motor of same constants per circuit. 
Which one of the numerous methods that have been 
devised for calculating the performance of a two-phase 
motor to use is, of course, a matter of choice. 


When it is desired to calculate the performance from 
the running and locked test readings, the locked single- 
phase readings can be used directly in calculating the 
two-phase performance. The single-phase no-load 
reading with the rotor short-circuited, that is, running 
light, can not be so used, because the exciting admit- 
tance per phase of the two-phase motor is then a little 
more than one half the single-phase admittance, or, 
what amounts to the same thing, the two-phase no- 
load impedance per phase is almost twice the single- 
phase no-load impedance. The amount by which the 
two-phase impedance falls short of being exactly twice 
the single-phase no-load impedance is obviously the 
apparent impedance per phase when running backwards 
at full speed. Since this latter impedance is almost 
independent of the exciting current it can readily be 
determined to a high degree of accuracy. On the 
basis of the modified single-phase no-load reading the 
diagram of the two-phase motor can be constructed 
and the single-phase performance calculated there- 
from. 

As a numerical example, the following readings 
have been taken on a single-phase motor; 


Running Light Rotor locked 


110 Volts 110 
3.2 Amperes 14.8 
78 Watts 982 
cos $y) = 0.221 Bak 0.603 = co ¢L 
Primary resistance 2.36 Ohms 
110 
The no load impedance per phase Zp) = jo = 34.4. 


3.2 


Ro = Zocos oo = 7.6 Xo = Zosin do = 33.6 

It is known that the two-phase no-load impedance per 
phase is slightly less than 2 Z, or the magnetizing cur- 
rent a little more than one half of 3.2 amperes. To 
determine how much 2 Z) should be reduced, construct 
a diagram, using the observed readings, except that the 
magnetizing current is reduced to approximately one 
half, say 1.7 amperes. 

No refinements are necessary in the construction of | 
the diagram to modify the no-load readings and the 
simple diagram as shown in Fig. 1 is sufficient. From 
the current triangle O P R in this diagram the apparent 
, 110 
16.5 

R, = Z, cos $, = 3.2 and X, = Z, sin dy = 5.85. 
Subtracting R, from 2 Ry leaves 12, and X, from 2 X) 
leaves 61.35, hence the corrected no-load impedance 
per phase is +/ 12? + 61.32? = 62.5. The no-load 


impedance at slip = 2 is found to be Z, = = 6.67. 
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values to use in calculating the two-phase performance 
are therefore 1.76 amperes and 0.192 power factor. 
Fig. 2 shows the curves of the two-phase motor. Then 
at some speed, for example 1600 rev. per min., we find, 


Forward rotation 4.67 amperes, 0.872 power factor 
Backward rotation 16 amperes, 0.49 power factor. 


Za 4.67 =23.55 Rg =23.55 X0.872 =20.55 Xq =23.55 X0.488 =11.50 
110 a % 3.30 = 687 08H 5.97 
b= >, =6.87 §=6.87 X 0.49. ="35 4° b =6. f = 17.47_ 
16 ‘Adding 23.92 . 
Dividing by 2 11.96 8.735 
110 
Si ; = See ee Se s 0.81 
Single-phase current J; V 11.96? +8.7352 7.43 amperes at 
power factor. 
oe Locked Point 
p 
Backwards 
Backwards 
Infinite Speed 


Fig. 1 


6.87 X 7.43 


2 = 87.4 e2 = Wis = 25.5 


23.55 X 7.43 
OF. — 1 eee 


n =| 


: ( 25.5 
ig 110 


Tg = T: — T2 = 1.698 lb. at 1 ft. radius 


87.4 
110 


2 
) X 2.875 = 1.808 Ib. at 1 ft. radius. 


2 
) X 2.05 = 0.110 lb. at 1 ft. radius. 


2000 10 100 
ec 
oe 
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= eos 
oc z 
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ra 
is ° 
= 800 440 
w 
a 
400 2 20 


05 1 
TORQUE-LB. AT 1-FT. RADIUS 


Fia. 2 
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equals resultant single-phase torque at 1600 rev. per 
min The complete single-phase performance is shown 
in Fig. 3. 


In this simple method it may be of interest to note 
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the absence of complicated geometrical figures, trigo- 
nometric transformations, inversions, equivalent cir- 
cuits, empirical coefficients, etc., in which the quantita- 
tive analysis of the single-phase motor usually abounds. 
Furthermore, it will be seen in the appendix that a 
conception of two oppositely rotating fields immediately 
furnishes sufficient data to write down one set of 
equations, the solution of which forms the basis of the 
method described. 

To further illustrate the usefulness of the conception 
of rotating magnetic fields the mathematical analysis 
will be extended to the somewhat more involved 
problems of phase conversion and _ power-factor 
correction. 


Appendix 


MATHEMATICAL EXPRESSION FOR Two OPPOSITELY 
ROTATING FIELDS 


A current with maximum value J and varying 
periodically according to the cosine law is usually 


jo 
o 
— elle Asad 
Me age 
Ss 
Se hehe 
1800 4{9ea9 
caer ee Be Pr 
pb > 
z_2 
400 <7 w7 
z = 
= Ww i 
$1000 SEs 5 
WwW 
; 0 & 
z & 2 
= 600 3403 35 
200 wy 
0 


04 ~—=sO08 12 16 
TORQUE-LB AT I-FT RADIUS - 
Fie. 3 


represented by the expression J cos wt, where w = 
2af, f being the frequency. Using the exponential 
form of the cosine, a sinusoidal current may be repre- 
sented by a pair of rotating vectors, that is I cos wt 


I 


may be written ZL efor 3 eJot, 


2 


some trigonometric expressions and transformations 
are frequently avoided by the use of this notation 
(see for example ‘Radio Communication,” by John 


Many cumber- 


That the expression ef 


tor revolving in counter-clockwise direction with 
angular velocity w is readily seen by writing 


§ 


= dwt = 


2 


Mills). &“ represents a vec- 


F (cos wt+ ]sin wt) 
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and assigning to ¢ a series of increasing positive values. 
The expression . 


1S. I oe 

ee eg Jit, = — 

ae x (cos wt j sin w t) 

is likewise seen to represent a vector of same length 

and revolving in clockwise direction. In Fig. 4 let a 

current I cos wt be flowing in a coil N N of n turns. 

The instantaneous value of the m. m. f. of the coil then 

is n I cos w t or in the above notation 

ni nT 

2 tes 
As the m. m. f. is a directed quantity in space the 

first term of this expression represents a m.m.f. of 


—joat 


EJ ot + 


constant intensity a 


rotating in positive direction, 
and the second term represents a m.m.f. of same 
intensity rotating in opposite direction. Let the coil 


Fig. 4 


N—N be turned through anangle of ¢radians in positive 
direction and its m. m. f. becomes 


‘ee (eet + E70) ee = an ej (wt +4) 28 BE tats 
that is, the m. m. f. revolving in positive direction has 
been advanced @ radians and the m.m.f. revolving 
in negative direction has been retarded ¢ radians. 
The most striking feature of the polyphase system, 
that it can produce a rotating magnetic field of con- 
stant intensity, is most readily deduced by use of this 
notation. To illustrate, assume m coils, symmetrically 
based on a cylindrical core, the space angle being 


oa radians. The coils are excited by currents J, 


differing in phase bye radians. The m.m.f. of 


the k* coil then is 
: Qrk 
if j (wt aes, 
ibe + 


and the total m. m. f. of all the coils is 
2Qrk 2Qrk 


m-1 

nl JG@t t-——) —j (wt -——) 
SSR pl as 
0 


~j(ot +7) 52 
€ € 


2ak 


ee 
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0 
That is, the resultant m. m. f. is of constant intensity 


mnt 
2 


of either time angle or space angle be changed the 
resultant m. m. f. is seen to rotate in opposite direction. 

In Fig. 4, let Z,, be the mutual impedance between 
coils N N and N’ N’ when in coaxial position. The 
voltage induced in the coil N’ N’ by the current flowing 
in N NthenisZ,,I. WhenN’N’ is turned ¢ radians in 
positive direction the voltage induced by the positively 
rotating field of N N isretarded ¢ radians and becomes 


pel § 
2 


and rotating in negative direction. If the sign 


e4¢ and the voltage induced by the negatively 


rotating field is advanced @ radians and becomes 


Z =. e/@, The voltage induced by both fields is 


- 4 = Z,, Il cosh 


a 


Aas 
2 


SINGLE-PHASE INDUCTION MOTOR 


The rotor circuits of the single-phase induction 
motor being short-circuited upon themselves in all 
directions constitute a polyphase system and for con- 
venience will be considered two-phase with constants 
determined accordingly. Assume the rotor to be 
revolving at slip s and consider its direction of rotation 
positive. Using the customary notation let Z, = 
Tm +j 2m = Mutual inductive impedance between 
stator and rotor circuits. 

Zo =. +j avo = Self inductive impedance of pri- 
mary 

Z, = 7, +782, = Self inductive impedance to rotor 

current of frequency s f. 41. «1 = second- 
ary reactance at standstill in terms of primary 


Z. = 71 +9 (2— 8) x1 = Self inductive impedance to 
rotor current of frequency (2 — s) f 

E = volts impressed on primary 

I, = Primary current 

I, = Positively rotating component of rotor current 

I, = Negatively rotating component of rotor current 


The voltages induced in the primary then are: 
by the primary current I, = (Zm + Zo) Is 
by the positively rotating rotor current Z,, I, 
by the negatively rotating rotor current Z,,, Is 
the currents J, and I, being two-phase have full in- 
ductive effect. The sum of these voltages equals the 
impressed volts, hence, 


(Zm + Zo) Le + Zm1i + Zmls = 
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The voltages induced in the rotor are: 
by the positively rotating component of primary current 


Re 


2 


by the positively rotating component of rotor current 
(s bid == Z3) qT; 
by thenegatively rotating component of primary current 
(2—s) (Z..) I. 
5) 


_ 


by the negatively rotating component of rotor current 
[(2—s)Z,, + Z2| 1: 
The sums of voltages of frequencies s f and (2 — s) f 
are separately equal to zero, hence 


S Fiat. 
2 


+ (sZ.+ 7Z,) 1, = 0orsZ,.1, + 


2 (SF _ Zi) i, = 0 and 
(2 —s) Z,. I, 
= 
(2—s)Z,1,+[(2-—s) Z. + Z2|1: = 0 
The e. m.f. equations of primary and secondary are 
then 


(Zm + Zo) 1.+ 2,1; +221: 
sZm1I,.+2(sZ,+2Zi) 1; 
(2—s)Z,1,+2[(2—s)Z,. + Z| 1; 


Solving these equations 


E2{s(Q-—s)Z, + (2-—s) 2,72: 


+[(@-s) Z, + Z:] 1, = 0 or 


=f) 
=) b- {) 
= 4} 


I, = 2Zo{s(2— 8)Zn2 +(2—8)ZmZ14+S Lm LZ2t+ZiZ2} 
+s8sZyZ2+Z:Z2} (2) 
+ Zam {(2— 8)ZmZitSZmLZ2+2Z4;243} 

go —EsZn\((2— 8) Zn, + Z2) 

nas 2Z{s(2— )Zm2+(2— S)Zm Zi +8 Z m Z2+Z,Z3} 
+ Zm{(2— 8) ZaZ1 + SZmZ2+ 22,23} 

(3) 

I — EF (2— 8) Zum (8 Zm + Zi) 

2 


ce oP BN PTE RSENS SUNS GAN ETERS ey A 
+Zn{(2—8)ZmZ1+82LZmZ2 + 22,22} 
(4) 

The equations of a two-phase motor of same con- 
stants per phase are easily found to be 

(Zm + Zo) Io + Zn1;' == iy 

We — (8 Zm +Z;) Tf ==.() 
where J, =primary current per phase and I,’ = 


secondary current. 
Here from 
~~ E (s Lids == Zi) 
us 82m Zo + Lm Zit+LZo“Z; (5) 
ie = aes (6) 


SZm Lo + Zn Zi + ZZ 


HANSEN: ROTATING FIELD THEORY OF A-C. MOTORS 


Transactions A. I. E. E. 


The apparent impedance per phase of the two-phase 
motor at slip s then is 


E SZmZo+ ZmZi4+ ZZ; 


I, x sZm + Zi 
The apparent impedance at same speed rotating 
backwards is 
E _ (2—8) Zn 40+ 2nZ2 + ZF: 


eT 8 ES ee 


Z. = 


Adding the apparent impedances of both rotations 


SZn +2, 
(2 sal S) Bs == Ze 
2 Zo{s(2 — s)Za2+(2 — 8)Zm Z14+8 Zn Z24+Z1 Zs} 
s (2 — cS) ye 


4+Z m{(2—8)ZmZi +8 ZmZ2t2 Zi 22} 

+ (2—8) Zn4Z1+82ZnZ2+ 4:22 
Comparing with (2) it will be seen that the apparent 
impedance of a single-phase motor at slip s is one half 
the sum of the apparent impedances of a two-phase 


Z.+ Z> = 


motor of same constants at slips s and (2—s). Fur- 
thermore, if the impedance drop “2! be substituted 


for E in (6) the result is identical with (3), showing 
that the low frequency component of secondary current 
is equal to the two-phase secondary current at this 
reduced voltage. Similarly, the high frequency com- 
ponent of secondary current is seen to be equal to the 
two-phase secondary current at slip (2— s) and the 


voltage reduced to a : 


The torque components 


of the single-phase motor in positive and negative 
directions are likewise seen to be equal to the torques 
of the two-phase machine at corresponding slips and 
reduced voltages. 


It follows therefore that in calculating the per- 
formance by the graphical method there is no need 
of a special diagram for the single-phase motor, the 
same diagram being applicable to both polyphase and 
single-phase motors. 


INDUCTION PHASE CONVERTER 


In applications where it is essential to obtain poly- 
phase power from a single phase supply an induction 
phase converter is often used to effect the desired 
transformation. The converter consists essentially 
of a single-phase induction motor with a tertiary circuit 
on the stator displaced at a certain angle from the 
primary circuit. Thus, in Fig. 5, R is the rotor of a 
single-phase motor, P; the primary winding and P; 
the tertiary winding displaced 90 deg. in positive 
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' direction from P;. Pz.’ is one phase of a load circuit, 
on which it is desired to impress a voltage in quadrature 
to the voltage on the other phase, P,’, and as nearly 
as possible equal to it in magnitude. In Fig. 6 is 
shown a phase converter with the primary connected 
in series with one of the load phases, as distinguished 
from the shunt connection of Fig. 5. 

Using the same notation as before, the mutual and 
self inductive impedances of the tertiary circuit are 
respectively equal to the mutual and self inductive 
impedances of the primary Z,, and Z). Let Z, be the 


VOQGQOQ0000 


impedance per phase of the load circuit and let Z)’ 
'=Z,+Z . The speed being very close to synchro- 
nous, the forwardly rotating component of secondary 
current can be neglected, that is J; = 0. The voltage 
generated in the tertiary circuit by the backwardly 
rotating component of secondary current is 90 deg. 
ahead of the voltage generated by this current in the 


te 
primary circuit and is, therefore, Z,,I2¢€ 7 = 7 Zn Is. 


The double-frequency voltage’ generated in the second- 
ary by the current in the tertiary circuit is likewise 


seen to be Z,, [3 eee: SiH a 
From Fig. 5 is then readily obtained 


(Zm + Zo) lo + Jnl» =E } 

Zmlo + (22m + Z2) I2.-JZm13 = 0 i (7) 
J ZmI2+ (Sm + Zo’) Is = 07 

Solving 

wh E Wa a Viipe Ze + Dil we Zo’ == ZL Zo} (8) 


aL Call Zee tee Gee 
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zs — BE (Zn? + Zm Zo’) (9 
(ZatZlZn Zst2 Zn Zi +2, 201-222, ”) 


9K Zine 
(Lm+Zo)[|Zm Z2t2 Zim Zo'+Z» Lo \—-Z m2 Lin 
eo = La qT; 


Denoting the denominator by D, it is interesting to 


I; 


I; = 


(10) 


note that the first term of J, is EZ nt 


oa which, com- 


bined cheese = 


backwards, which is balanced by the first term of I,, 


wiichticcanal te ee, 


produces a m.m. f. rotating 


It is, therefore, the double 


258 8-5 
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— 
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frequency component of secondary current. which 
increases with increasing load on the tertiary circuit. 
In Fig. 7 are shown the curves of a shunt connected 
converter of the. following constants: Z) = 0.05 +7 
0.15 Z. = 0.05 470.03 Zn = 0.975 4-79.98 = 
100. Z, is assumed to vary so as to maintain a con- 
stant power factor of 80 per cent. 


For the series-connected converter is obtained ‘the 
following equations from Fig. 6: 


(Zm + Zo’) Io + Zn, = | 
Zmlo + (224m + Ze) Ile-—J Sms = 0 (11) 
G2Zuls + Zu t 2) ls = 0 J 
and here from 
ih pe E [Zant = Linn Ze + Bilin Zo’ oe Ze Zo} (12) 
© (Bm + Zo!) (Zm Z2 + 22m Zo’ + Ze Zo'| 
= 2 , 
a E (Zn + Zm Zo’) (13) 


ree a ee es oy 
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4 Lae (14) 
te + Zo) [Zim Z2 + 2Zm Zo’ + ZmZo'| : 
a = Zalo eo = Za ts 


In Fig. 8 are shown the curves of the same converter 
shown in Fig. 7, except that it is connected in series. 
It will be noted that with the series connection the 


| I 0 
0 10 20 30 40 50 60 10 80 90 100 I10 120 130 140 150 
AMPERES LOAD, SECOND PHASE 
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phase voltages of the load circuit tend towards equality 
in magnitude and quadrature relation in phase as the 
load increases, while the reverse is true for the shunt 
connection. 


REPULSION MOTOR 


As illustration of the application of the method to 
commutator motors, consider the repulsion motor 
shown diagramatically in Fig. 9. It being at the 
present merely intended to show that the rotating 
field theory is applicable to commutator motors also, 
only the plain repulsion motor will be considered, 
although the method can be readily extended 
to the various forms of compensated motors, and 
to include the phenomena of brush short-circuit 
currents. 


In Fig. 9 let the brushes be shifted radians in 
positive direction from the line A B, which is the 
position of maximum mutual inductive effect between 
stator and rotor circuits. As in the single-phase 
induction motor, there are two voltages generated in 
the secondary of frequencies s and (2— s). However, 
the currents resulting from these voltages are converted 
by the commutator into line frequency at all speeds, and 
consequently combine into one secondary current. 
The voltage induced in the primary by the positively 
rotating component of the secondary current is ad- 
vanced \ radians in phase, and the voltage generated 
by the negatively rotating component is retarded 
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radians. 
therefore, 


The voltage equation of the primary is, 


Vion be, Z I, 
2 


(Zm + Zo) Io + atake apron pot net 


Similarly the voltage equation of the secondary is 


seen to be 
—jr = jr 
[i eeape]n 
+f Spe + +4, ] n= 0 
Substituting 


@& =cos\ + 7sindX 
e* = cosA\—Jsin\A 
and the voltage equations reduce to 


(Zm + Zo) lo +Zmcos rT, eb as 
15) 
Z lcos N+j7(1—s)sin A]fo + (2m+Zi)1; = 0 | 
Solving 
pat E (Zim + Z1) 
let et Cee ee (16) 
— Z, cos \ [cos \ +7 (1—s) sin) ] 
re 2 We. 
' [Zn + ZmZo+ ZmZi + 24s] 
[cos \ +7 (1— s) sin A ] (17) 


— Z,2 cos \ [cos A +79 (1— ss) sin) ] 
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The exciting current of the positively rotating field 


Tye eda 


I)! = D) 


eS Z1 e7 
2 (2m? + ZmZo + ZmZ1+Z04i] 


= j (2— 8) Zn sini 


ST Ie Tl eT ERUR ET ee 


The exciting current of the negatively rotating field 


ir 
I," eps a I 


Feb. 1925 
S, Li es 
~— 2422 + ZmZot+ ZmZi1t+ LZoZil 
+ 78sZ,sin 


TO ee 


The voltage induced by the positively rotating field 
il tH) 

a= il of XG aa he 
and the voltage induced by the negatively rotating 
field 


: 1G-P) 
@s = Ta XE E ; 
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where y is the angle by which the exciting current leads 
the true magnetizing current 

The torque developed by the positively rotating 
field T; = e, J, cds w;, w; = phase angle between e, 
and J. 

The torque developed by the negatively rotating 
field T. = @2 I. COs w2, w. = phase angle between e: 
and I». 

Resultant torque = 7, + T». 

Fig. 10 shows the curves of a motor of constants 
Z2n=1+940 Zo=14+7972 71=05+71 H= 
300 dA = 45 deg. 


POWER-FACTOR COMPENSATION 


To further illustrate the application of the above 
method to commutator motors, it may be of interest 
to consider the case where one of the rotating fields 
vanishes, that is the symmetrical polyphase motor. 
There is, apparently, an increasing demand for means 
of correcting power factor on inductive loads, and the 
use of commutators in connection with induction 
motors may, therefore, become of considerable im- 
portance in the near future. In Steinmetz’s “Theory 
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and Calculation of Electrical Apparatus’ (Pages 
52-92 and page 379) are discussed a number of methods 
of power-factor compensation. 


The simplest and most economical of the various 
methods proposed appears to be the so-called Heyland 
motor. In addition to the ordinary squirrel-cage, the 
rotor of the Heyland motor is supplied with a com- 
pensating winding connected to a commutator and 
usually placed in the same slots as the rotor bars. By 
means of brushes bearing on the commutator, a voltage 
of suitable magnitude and phase is impressed on the 
compensating winding. 

With the compensating winding placed in the same 
slots as the rotor bars, practically all of the cage 
leakage reactance becomes a part of the mutual re- 
actance between the cage and the compensating 
winding. The impedance of the cage Z, can, therefore, 
be considered as consisting of the resistance, 7, only. 
The mutual impedance between the cage and the 
compensating winding, Z,,’ = Zm +7421, where Zn 
is the mutual impedance between the primary winding 
and the cage, and also the mutual impedance between 


0 
-1.6 -1.4-1.2 


| -0.8-06 04-02 0 
2 IN RADIANS 


Hie: 12 


02 04 06 08 | 12 14 16 


the primary and the compensating winding. reduced 
to primary terms. Zs. = rf. +7 22 is the impedance of 
the compensating winding in terms of primary, 2, 
which is the reactance of the leakage flux around the 
end windings, remains constant at all speeds. 

Let I, I; and I, be the current in the primary, the 
the squirrel cage and the compensating winding, re- 
spectively, all in terms of primary. With the brushes 
shifted \ radians in positive direction, and a voltage - 
c E impressed on the commutator, the voltage equation 
of the three circuits are 


(Zm + Zo) Lo + Zm1i + Zn Ie = wf 
SZmIo + (§Zm’ + Z:1) Ii,+s8Z,' eo I, = () (20) 
SZm€EPIo+s Zm!' E®I,+(8Zm' +Z2)I, =cH 
solving 

i E {sZn' (Z:1 + Ze) 


OA ad a Ae ee 


+Z,Z.—ClLnZi ef } 


I Loa 2h 
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—sE{Z.Z.+6¢ be E (Z.— eZm €*) 
ery) AES AY) ec AE Sg (ee = 
Ae = 25 Ne =. sat E 
ee L=$ (26) 
sE{clZ." Za + Ze) —Z2] From formula (25) it will be seen that I, becomes 
I; = 5Z, +2) 12.’ 2.4 Z)— 2.5] equal to zero when ¢ and X are so chosen that Z2 = 


cZ..é*. However, to get complete compensation 
93) when loaded the motor must be somewhat over com- 
saa pensated at no load. 


— Z,’ Ze} +¢E Z(Z2.+Zo) 
+ 2,2 (4n + Zo) 


Sus 
aR = a 
220 Sas =1200 

= 

200-710 =1150 
128 1100 45 09 
eoSes 240 

=< (4 
os —e ee 
Ho ~ @ 08s $3525 
= Pee 
ee = os wes 
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ah aes = S 
dt © 0 £15 
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The exciting current 


Task As illustration a 25 h. p. 3-phase 440-volts star con- — 
f= 1, +1, +i, Ae = 


nected motor has the following constants 


Eis. 22) @22]25 221G 3 ctie 24 Ze = 2.54925 Z,' = 2.5 +7 25.6°Z, = 0.2 + 70.56 
s (Z, + Z2)(Z.'(Zm + Z)—Z2+Z, ZAZm + Zo) 4,= 03 Z2=1+70.25 

ee joy) Letting c = 0.0415, Fig. 12 shows the no-load values 
= ee fe =z) & — for different brush positions. Figs. 13 and 14 show 
T, = e, I, cos @, T, = e: I. cos w: 


the speed-torque curves and performance over the 


Resultant torque T = T, + T: operating range when ¢ is increased to 0.0435 and X 
Atsynchronisms = 0 I, = Oand fixed at 1.3 — radians. 


Ona Design for a Bifilar Type of Non-Reactive 
Resistance Coil 


BY H. NUKIYAMA! 


Associate. A. I. E. E. 


non-reactive coil usually gives a con- 
densive reactance at high frequency. The present paper anal- 
yses this frequency error observed over the audio-frequency 
range. An impedance characteristic curve is recognized, resem- 
bling that of an electric cable. From this experimental fact, 
a cable theory of a bifilar non-reactive coil is deduced. Employing 


Synopsis.—A _ bifilar 


Y. SHOJP 


Non-member 


and 


an experimental constant, which the writers call the apparent 
dielectric constant K, a method is given for designing a 100,000- 
ohm coil, which gies a phase angle less than 5 deg., at a frequency of 
5000 cycles per second, assuming the apparent dielectric constant 
(ONE — 


* * * * * 


I—Experiment to Determine the Frequency 
Characteristic of a Bifilar Type of 
Non-Reactive Coil 

B. w. g., No. 36 silk covered manganin wire was 
used, which has the following constants. 

= (0.01015 cm. 

0.0198 cm. 


diameter (bare) 

D = diameter (silk covered) = 

R = 46.5 ohms per wire meter. 
Two parallel lengths of this wire, as shown in Fig. 1, 
were put lightly in contact, resulting in a bifilar resist- 
ance. This bifilar loop was arranged as shown in 
Fig. 2, in order to measure its impedance. In Fig. 2, 
T, is about 5.75 meters and U is about 6.5 cm. 

The wire was stretched in a vertical plane, parallel 
to the wooden wall of the room, and the distance 
between the parallels was about 18cm. By the 
arrangement described above, the mutual electrostatic 


~<—D —» 


, 


ice ad 


Fic. 1—Cross Section or THE Birinar RESISTANCE 


and magnetic effects in the lengths of wire and those 


between them and earth, which must exist in a practical 


bifilar coil. were minimized. This made an_ ideal 
bifilar resistance, which is identical with a simple 
uniform cable line. The length from A to B (one 
half of the total wire length) was 215 meters, and 20,000 
ohms was selected as the direct-current resistance of 
this bifilar coil, when B was short-circuited. In order 
to observe the variation of the impedance of the ideal 
bifilar resistance with the frequency, the impedance 
measurement was taken over the audio-frequency 
range. The measuring arrangement is shown in Fig. 3 
where the plieotron oscillator is used as the alternating- 
current source, and the frequency is changed by adjust- 
ing the condenser C;. By connecting the A end of the 
bifilar coil (Fig. 2) to the arm A of the impedance 

1. Prof. of Electrical Engineering, Tohoku Imperial Univer- 


sity, Japan. 
2. Associate Denki Gakkai. 


bridge, the impedance of the bifilar coil can be meas- 
ured by adjusting R and C. Curtis coil resistances 
were used as the non-reactive resistances represented 
by R,, Ro, R: These Curtis coils were previously 
ascertained to be practically non-reactive, compared 
with the non-reactive resistances of a mannit solution 
and a graphite-bar. The results of measurement are 
recorded in Table I. In this Table, Z; is the impedance 
when the B end is short-circuited and 


Zi =Te— J Ohms Z 
W) Cs 
In the same Table, Z; is the impedance when the B. 


end is open-circuited and 
. 1 


@ Cr 


Zh =te—-J Ohms Z 


The short-circuit impedance Z, is vectorially repre- 


A ag : ti 
C —j 


e 


B 


Fic. 2—IpraLt ARRANGEMENT OF THE BIFILAR RESISTANCE 


sented in Fig. 4. As can be seen in this figure, the 
size of the short-circuit impedance Z, is almost con- 
stant up to 1000 cycles per second; but the condensive 
reactance increases rapidly at first, as the frequency 
becomes larger. The increasing rate of the condensive 
reactance becomes gradually smaller, and the decreas- — 
ing rate of the effective resistance becomes larger. 
Near the frequency of 2500 cycles per second, the 
eondensive reactance becomes a maximum. 

Next, the arrangement of the bifilar resistance was 
left unchanged, as shown in Fig. 2, but the wire was 
coated with a paraffin solution over the silk insulation, 
as shown in Fig. 5. The result of the measurement of 
this bifilar resistance is shown in Table II and Fig. 6. 
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The impedance characteristic curve is similar to that 
of the previous case, but the curve is elongated on the 
same locus. 


Fie. 3—DiacRamM oF CONNECTIONS FOR MEASURING THE 


IMPEDANCE OF THE BIFILAR RESISTANCE 
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Fig. 4—IMPEDANCE CHARACTERISTICS OF THE BIFILAR 
RESISTANCE IN THE IDEAL ARRANGEMENT (Nor IMPREGNATED 
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Fig. 5—Cross SEcTION oF THE BrritaR RsESISTANCE 


(PARAFFINED) 


The arrangement shown in Fig. 2 was then taken 
down, and wound progressively along the axis of a 
bobbin as shown in Fig. 7. By. winding in this way, 
we reduce the effect of stored electrostatic energy, 
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2. €., the condensive reactance effect, as the turns which 
have a greater potential difference are thus not con- 
tiguous. The impedance of this wound bifilar coil, 
was then measured. The result is shown in Table III 
and Fig. 8. In this case, the locus is almost identical 
with the other two already mentioned, but points of 
same frequency shift forward on the same locus. 


II—Theory of a Bifilar Coil as an Electric 
Cable 


As can be seen from the experimental results stated 
above, the impedance characteristic of the bifilar 
resistance is very similar to that of an electric cable. 
The idea of this similarity can be realized from the 
construction of the bifilar coil, which has a smaller 
linear self-inductance and larger linear capacity, as it 
is formed by wires closely in contact. With this 
idea, we treated the bifilar resistance as a uniform 
electric line and found its constants from the short- 
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circuit impedance Z, and open-circuit! impedance Z, 
The surge impedance 


= /Z,Z; ; Ohms Z (1) 
The linear hyperbolic angle 
1 
Mees tanh 4| 4 hyps. Z (2) 


where «x is the total length of the bifilar winding. 
The linear impedance 
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1 pees 
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Ohms Z (3) 
The linear admittance 
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sent the surge impedance 2, total hyperbolic angle 
6 =xa, total impedance Z = xz, and total admit- 
tance Y = xy, which are calculated by the above 


equations from the measured values of Z, and Z,. 


In 


Columns 8, 9, 10 and 11 in Tables I, I[andIIIrepre- all these results, the slope of the total impedance Z 


TABLE I 
TABLE OF CONSTANTS OF THE BIFILAR RESISTANCE WHEN THE WIRE WAS COVERED WITH SILK ONLY 


qa = 
f ~ | rs ohm Cs BS Zs; ohm ry ohm cp uf Zf ohm zo ohm ¢6@=azr Z ohm Y Zemho eS 
@r 
uf 
0 | 20000 20000 1.9 X107 1.9 X107 
408 | 19570 | 0.14500] 19570—j2690 | 7540 |0.00761 | 7540—j51400 |32100 \44°44’ 10.620 244930’ |19800 X0°14’ | 1.93 x10~° 289°14’| 0.0350 
700 | 18850 | 0.05230] 18850—j4350 | 7470 | 0.00754 | 7470—j30100 |24730 \ 44°32’ |0.83 244°15’ 120550 X0°17’ | 3.36 X10~° 288°47’| 0.0354 
900 | 18250 | 0.03310] 18250—j5350 | 7400 | 0.00746 | 7400—j23700 |21720 \44°31’ 10.940 244° 20450 X0°31’ | 4.335 X10~-® 288°31’| 0.0356 
1300 | 16800 | 0.01810] 16800—j6720 | 7340 | 0.00734 | 7340—716700 |18170 \44° 4’ |1.125 243°40’ |20420 X0°23’ | 6.20 x10~* 287°43’| 0.0352 
1600 | 15700 | 0.01335] 15700—j7450 | 7270 | 0.00716 | 7270—j13900 |16500 \43°54’ |1.250 243°50’ |20600 XO° 4’ | 7.68 x<10~° 287°44’| 0.0356 
1900 | 14550 | 0.01055) 14550—j77950 | 7210 | 0.00703 | 7210—j11910 |15170 \43°42’ {1.37 24350’ |20800 XO° 7’ | 9.40 x<10~® 287°32’| 0.0352 
2200 | 13550 | 0.00880} 13550—j8230 | 7120 | 0.00683 | 7120—j10630 |14250 \43°45/ |1.47 243°45’ |26900 XO° 0’ {10.35 X10 ~° Z87°30’| 0.0348 
2500 | 12630 | 0.00780] 12630—j8160 | 7060 | 0.00669 | 7060—j 9510 |13550 X43° 8/ |1.56 245° 21100 41°51’ {11.47 x10~° 288°8’ | 0.0340 
2800 | 11920 | 0.00705| 11920—j8060 | 7020 ~ | 0.00655 | 7020—j 8690 |12680 \42°34’ |1.635 244950’ |20700 22°15’ |12.90 Xx10~° 287924’ 0.0341 
3100 | 11190 | 0.00645] 11190—j77960 | 6960 | 0.00640! 6960—; 8000 |12050 \42°12’ {1.72 24450’ |20700 22°37’ |14.23 x10 ® Z87° 2’) 0.0340 
3400 | 10600 | 0.00605] 10600—j7750 | 6900 | 0.00625} 6900—/ 7500 |11590 \41°48’ {1.78 245° 20600 23°11’ |15.38 X10 ° 286°48’| 0.0336 
3700 | 10100 | 0.00575] 10100—j7500 | 6830 |0.00604 | 6830—) 7130 |11220 \41°25’ |1.82 244950’ |20400 23°25’ |16.2 10° 286°15’| 0.0324 
4000 9700 | 0.00545) 9700—j7310| 6800 | 0.00591 | 6800—j 6750 |10790 \40°54’ |1.90 245° 20500 24° 5’ 117.6 X10~° 285°54’| 0.0324 
4300 9300 | 0.00523) 9300—j7100! 6720 |0.00580 | 6720—j 6390 |10425 \ 40°27’ |1.93 245° 20100 24°33’ |18.48 x10 > 285°27’| 0.0316 
4600 9000 | 0.00505} 9000—j6850 | 6700 | 0.00571 | 6700—j 6070 |10110 \39°42’ |1.89 245° 20000 25°18’ |19.55 X10 5 284942’! 0.0313 
4880 8750 |0.00502' 8750—j6500 | 6680 |0.00575 | 6680—j 5700 | 9780 X38°34’ |2.02 245° 19800 26°26’ |20.60 X<10~> 283°34’! 0.0310 
TABLE II 
TABLE OF CONSTANTS OF THE BIFILAR RESISTANCE WHEN THE WIRE WAS COATED WITH PARAFFIN 
OVER THE SILK INSULATION 
Cc = 
f ~ | rs ohm Cs US Zs; ohm rf ohm cp uf Zf ohm zo ohm @=azx Z ohm Y Zgmho eta ER cla 
Ox 
uf 
0 | 19975 19975 6.3 X10° 6.3 X10° 
408 | 18900 | 0.08790 |18900—j4435 | 6880 | 0.01220 | 6880—j32000 |25100 \45°32’ |0.794 243°50’ |19940 \1°42’ | 3.163 X10 ® 289922’ | 0.0575 
700 | 17160 | 0.03340 |17160—j6800 | 6700 | 0.01175 | 6700—j19320 |19450 \46°15’ {1.048 243°30’ |20380 \2°45’ | 3.590 X10~° 289°45’ | 0.0565 
900 | 15800 | 0.02270 |15800—j7790 | 6590 | 0.01147 | 6590—j15410 |17180 \46°25’ |1.182 243°25’ |20310 X3° 8’ | 6.890 x10 > 289°58’ | 0.0567 
1200 | 13820 | 0.01535 |13820—j8650 | 6460 | 0.01074 | 6460—j12350 |15080 \47°14’ |1.360 243°15’ |20500 \3°59’ | 9.020 X10~° 290°29’ | 0.0559 
1500 | 12070 | 0.01167 |12070—j9100 | 6330 | 0.01025 | 6330—j10360 |13560 \47°48’ |1.538 243°10’ |20710 \4°38’ | 1.126 X107* Z290°58’ | 0.0559 
1800 | 10650 | 0.00960 |10650—j9220 | 6190 |0.00971 | 6190—j 9110 |12460 \48°21’ |1.675 244° 0’ |20870 X4°21’ | 1.344 X10 4 292°22’ | 0.0554 
2100 | 9500 | 0.00842 | 9500—j9000 | 6050 |0.00916 | 6050—j 8265 |11585 \48°38’ |1.800 244° 7’ |20850 \4°31’ | 1.554 x10 4 292°45’ | 0.0546 
2400 8510 | 0.00766 | 8510—j8660 | 5900 | 0.00870 | 5900—j 7620 |11015 48°53’ |1.912 244°16’ |21070 \4°37’ | 1.735 X10~4 293° 9’| 0.0535 
2700 7810 |0.00716 | 7810—j8220 | 5750 | 0.00846 | 5750—j 6960 |10110 \48°27’ |1.998 245°10’ |20200 \3°17’ | 1.976 X10~4 293°37’ | 0.0541 
3000 7230 | 0.00682 | 7230—j7850 | 5650 | 0.00803 | 5650—j 6600 | 9620 X48° 1’ |2.075 244936’ |19970 \3°25’ | 2.159 x10~4 292°37’ | 0.0532 
3500 6360 | 0.00631 | 6360—j7200 | 5430 |0.00738 | 5430—j 6150 '| 8875 \48°33’ |2.256 244910’ |20010 \4°23’ | 2.546 X10 4 292°46’ | 0.0552 
4000 5700 | 0.00611 | 5700—j6520 | 5260 |0.00710| 5260—j 5610 | 8160 \47°50’ |2.440 244°30’ |19900 3°20’ | 2.980 X10~4 292°20’ | 0.0552 
4840 5050. |0.00572! 5050—j5750 | 5000 |0.00644| 5000—j 5100 | 7395 \47° 8’ 12.700 244°48’ |19950 X2°20’ | 3.653 X10~4 291°56’ | 0.0551 
TABLE III 
TABLE OF CONSTANTS OF THE BIFILAR RESISTANCE WHEN THE WIRE WAS WOUND ON THE BOBBIN 
| Hone 
y sin ¢ 
f = \7, ObmM || Cee Zs; ohm rf ohm cr uf Zy ohm zo ohm =e Z ohm Y Zymho 
@Mxr 
uf 
0 | 19998 19998 1.35 X10" 1.35 X107 
408 | 18600 | 0.08100 |18600—j4815 | 7020 |0.01394 | 7020—j28000 |23550 X45914’ |0.855 244° 0’ |20100 \1° 4’ | 3.63 X10 ° 289°14’ | 0.0671 
700 | 16570 | 0.03190 |16570—j7150 | 6950 | 0.01350 | 6950—j16720 |18300 \45°23’ |1.145 243°50’ |21000 X1°33’ | 6.24 X10 ° 289°13’ | 0.067 
900 | 15000 | 0.02183 |15000—j8100 | 6900 | 0.01325 | 6900—j13360 |16240 X45°32/ |1.290 243925’ |21000 X2° 9’ |7.95 10° 288°57’ | 0.0666 
1200 | 12920 | 0.01500 |12920—j8850| 6800 | 0.01265 | 6800—j10500 |14000 \45°42’ 11.50 245°42’ |21000 X2°12’ | 1.07 x10~4 289°12’ | 0.066 
1500 | 11020 | 0.01200 |11020—j8850| 6690 | 0.01205 | 6690—j 8820 |12510 \45°48’ |1.67 243°30’ |20900 X2°18’ | 1.335 X10 4 289°18’ | 0.0669 
1800 9900 | 0.01010 | 9900—j8760| 6610 | 0.01153 | 6610—j/ 7670 |11550 \45°22’ |1.85 245° 0” |21300 X0°22’ | 1.6 x10~4 290°22’| 0.066 
2100 | 9000 |0.00915| 9000—j8280| 6510 | 0.01047 | 6510—j 7240 |10920 X45°19/ |1.96 245° 0’ |21400 X0°19’ | 1.79 x10~4 290°19’ | 0.0643 
2400 8080 |0.00835 | 8080—j7950| 6410 |0.00998 | 6410—j 6650 |10200 X45°19/ |2.11 45°30’ |21500 20°11’ | 2.07 10° 4 290°49’ | 0.0640 
2700 7710 | 0.00798 | 7710—j7400} 6290 |0.00943 | 6290—j 6250 | 9740 X44°19’ |2.15 245930’ |21000 41°11’ | 2.2 X10~* 289°49’| 0.0618 
3000 | 7250 |0.00765| 7250—j6950| 6170 |0.00909| 6170—j 5840 | 9230 \43°39/ |2.21 245930’ |20400 21°51’ | 2.39 1074 289° 9’ | 0.0590 
3500 6710 |0.00711 | 6710—j6400 | 5980 |0.00840| 5980—j 5410 | 8640 \42%54’ |2.35 244° 0’ |20400 21° 6’ | 2.72 x10~* 286954’ | 0.0555 
4000 | 6260 |0.00684| 6260—j5820| 5900 |0.00790| 5900—j 5040 | 8130 \41°42’ |2.51 ‘ 243°30’ |20400 21°48’ | 3.1 1074 285°12’| 0.0560 
4840 | 5840 |0.00652! 5840-75050! 5700 |0.00729! 5700—j 4510 | 7490 X39°36’ '2.70 243° 0’ !20200 21°48’ |3.61 x10~4 282°36’ 0.0481 | 


a  ——————— 
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is nearly zero, and that of the total admittance Y is 
nearly 90deg. From these facts, we can see that linear 
impedances are approximately pure resistances, and 
linear admittances are approximately pure suscept- 
ances. The quotient of the imaginary part of the 
linear admittance y=g+j7 wc, divided by ao, is 


IMAGINARY AXIS, OHMS 
oO 


2 4 6 8 ie ee rman ely ale 


REAL AXIS, OHMS 


Fic. 8S—ImMpEepDANCE CHARACTERISTICS OF THE BiriLAR REsSIST- 
ANCE WHEN WoUND ON A BOBBIN 


the linearcapacity. In Tables I, II and III, column 12 
represents these linear capacities in micro-farads per 
km. The value of these capacities slightly decreases 
as the frequency increases; but can be considered to 
be practically constant. Now we take the average 
value of these linear capacities and derive the equation 


Fic. 9—CHArT SHOWING THE VALUE OF CORRECTING Factor k 


of a uniform line which has the linear impedance of 
pure resistance r and linear admittance of pure con- 
densive susceptance wc. Soz=r,y =J we. 

The surge impedance and the linear hyperbolic angle 


are 
“J Z r . r 
20 = = oo = 
y J we WC 
Ohms Z_ (5) 


a =Vey=viwer = /wer/45° Hyps. Z (6) 
The impedance Z, of the bifilar coil is 


\45° 


Z, = % tanhax = 4 BF tam (2 /wer /45°) 


Ohms Z (7) 
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From these equations, the impedance ot the bifilar 
coil is easily calculated, by the use of a table of semi- 
imaginary hyperbolic tangents. Fig. 9 shows dia- 
grammatically the semi-imaginary hyperbolic tangent 
(Bibliography 4, 5). The letters along the curve 
show the size of the angle, the abscissa shows that of 
the tanh, and the ordinate the slope of the tanh. 
In the case of Table I, x = 0.215 km. 

r = 98,000 ohms/km. c; = 0.085 uw f/km. 
In the case of Table II, x = 0.215 km. 

r = 98,000 ohms/km. c¢; = 0.0558 wu f/km. 
In the case of Table III, x = 0.215 km. 

r =, 93,000 obms/km:,; cy; =10065) p fi/lan, 


Fig. 1O—VaLuE oF Cosu1 


The value of theoretical impedance which has been 
calculated from Eq. (7), through the use of Fig. 9, 
is indicated by Curve II in Figs. 6 and 9. As can be © 
seen in Eq. (7), wc is always combined as one term, 
so when r is constant, the change in the value of c¢ 
does not change the impedance locus, but the point 
corresponding to a given frequency shifts forward on 
the same locus by the increase of ¢ comparing these 
results with the results of measurement, identity can 
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be found in both cases. We can thus treat the problem 
of the bifilar coil by the theory of the ideal electric 
cable. 


I1i—Apparent Dielectric Constant 
We may compare the linear capacity obtained by 
experiment with the linear capacity obtained by 
theory. 


Feb. 1925 


When the line is constructed as shown in Fig. 1, 
and the insulating medium is air, the theoretical linear 
capacity ¢o is 


Co SAUTE = 0.02185 u f/km. (8) 
cosh 
. d 
Where d = 0.01015 D = 0.0198 cm. 


for the smal- 


Fig. 10 shows the curve of cosh— = 


ler values of ddis ,foraidindesign. In the ideal case of 


d 

the bifilar coil, the linear resistance is constant for a 
given resistance wire, and the linear capacity only 
changes with the arrangement of the wire. From 
these considerations, we call the ratio of the linear 
capacity ¢ which is obtained by experiment, with a 
theoretical linear capacity cy) as an apparent dielectric 
constant of a given line arrangement. The calculation 
of the design will be conveniently made on the basis 
of this dielectric constant. The apparent dielectric 
constant 


Co Fen Mee Cs (9) 
These data in Tables I, II and III are shown diagram- 
matically in Fig. 11 as a function of the frequency. 

In the case of Table I, the apparent dielectric con- 
stant K, has the value of nearly 1.6, and is independent 
of the frequency. This value is satisfactory, as silk 
is used for insulation. As can be seen in Table II, when 
_ paraffin is used for the insulation, the apparent dielec- 
tric constant K, is approximately 2.6, and independent 
of the frequency. In Fig. 5 the cross-hatched parts are 
filled with paraffin, which has a dielectric constant 
nearly 2, so the increase of apparent dielectric constant 
to the value of 2.6 is reasonable. Next in the case 


of Table III, when the wire is wound on the bobbin, the. 


apparent dielectric constant K; increases to 3.1, and 
is almost constant in the frequency range up to 2000 ~; 
but in the higher frequencies decreases remarkably. 
In this case, turns of the wire at different potentials 
are in contact with each other, so that the apparent 
dielectric constant may increase to some extent (in this 
example approximately 20 per cent) and owing torelative 
electrical conditions between the wires, complicated 
electrical phenomena may. occur in the winding, 
consequently the apparent dielectric constant changes 
with the frequency. But as in this case, if the apparent 
dielectric constant does not vary beyond a reasonable 
range, it may be conveniently used for calculation in 
the design. The inductive effects of the current will 
probably cancel as the bifilar is wound at random on the 
bobbin. In the practical design, we should have more 
experimental constants, but the writers have not suffici- 
ent data, so we assume the value of K to be large 
enough to make allowance for the error. 
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I1V—Method of Reducing the Error in the 
Bifilar Resistance due to Frequency 


The simplest method of reducing the error due to 
frequency, is to sectionalize the coil into many parts 
of shorter wire lengths. This can be ascertained from 
Eq. (7). From Eq. (7) 


tanh (x7 wer /45°) 


ZL 07; —_ 
t/wer /45° 


Ohms Z (10) 


2 = xr shows the ideal case where there is no error. 
tanh (4 /wer /45°) 


= numeric Z (11) 
rJ/wcr /4d5° 


sO = 


is the error factor. 

As can be seen in Fig. 9, the error factor k is approxi- 
mately 1 when the total hyperbolic angle x \/w cr /45° 
of a bifilar coil is very small, so for given w, C, R, we 
can reduce the error by sectionalizing the total length 
of coil into many shorter parts. As shown in Fig. 12, 


Fig. 12—SrcrioNALIzZED BIFILAR RESISTANCE 


if the coil be divided into n sections and connected in 
series. The impedance Z between both ends A A is 


tanh (7 Vocr /45° ) 


et 
Jp 2 fi) if 


Ks = Vwer /45° 
tanh (= Vaer /45° ) 
ery Me | Ohms Z (12) 
— wer /45° 


The error factor 
tanh (= Veer /45° ) 
= Vwer /45° 


will become smaller by increasing the number of 
sections 7. 
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When the total resistance x r = RF is given, 


Mog cient 
ai eee \ - /45 


As can be seen from the above equations, the error 
can be reduced by the use of material of larger linear 
resistance 7; but this method will be practically 
restricted. On the other hand, the method of sec- 
tionalizing is simple and efficient, and is not difficult 
in practise. We divided the bifilar coil which had been 
used in previous experiment, into four sections. To 
’ obtain the value of k when w = 20,000, (f = 3180 ~), 
Ki i= 8515.9, €9.=00 021385) 0 f/km:, °C = car = 0), 0662 
bf /km. 

The linear hyperbolic angle a is 


a = / 20,000 x 0.0662 x 10-* x 93,000 /45° 


= 11.09 /45°  Hyps. Z 
The total hyperbolic angle 6 of one section is 
G = ae a= 0. 597 /45° Hyps. Z 
From Fig. 9, 
tanh 0.597 /45° _— 
0.597 [45° =) 509) \G) 20 


When the coil is sectionalized into four sections, the 
error is 1 per cent in size, and 6 deg. 30 min. in slope, at w 
= 20,000. In order to test the theory, we section- 
alized the coil which has been shown in Fig. 7 into 20 

Ng ROV ABAD 
Watt 
NLA 


e HH at : 
HHT til 
2.3m. 0.15 em. 075 em. 


Fig. 13—Actuat ARRANGEMENT OF THE SECTIONALIZED BUFILAR 
RESISTANCE 


2.9. cm. 


sections, as shown in Fig. 18. It was first connected 
as the 4-section coil, and the frequency character of 
the impedance was measured. The result is shown in 


TABLE IV 
TABLE OF CONSTANTS WHEN THE BIFILAR RESISTANCE 
WAS DIVIDED INTO 4 SECTIONS 


fr Ts ohm Cs US Zs ohm 
408 19960 1.025 19960—j 382 
900 19780 0.231 19780—j 765 
1500 19620 0.0858 19620 —j1240 
2100 19410 0.0445 19410 —j1700 
3000 19130 0.022 19130—j2410 
4500 18600 0.0087 18600 —j3770 


Table IV and Fig. 8 by Curve III. Curve IV in Fig. 8 
is that calculated by Eq. (12), and Fig. 9, and the 
differences between these curves are very small. 
Next we made the coil into 20 sections, by suitably 
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connecting the same coils. We could detect no react- 
ance in this sectionalized coil. 


V—Calculation Example 

Using a resistance material of the following con- 
stants. B.w.g.,No. 44 silk covered manganine wire. 

d = diameter (bare) = 3 mils = 0.00761 cm. 

D = diameter (silk covered) = 7 mils = 0.01778 em. 

r = 1.424 x 10° ohms per loop km. (% x 1.424 

>< 10° ohms per wire km.) 

The number of bifilar sections is required such that 
the phase-angle error for a 100,000-ohm coil is less 
than 5 deg. at f = 5000 ~. From Fig. 10, 

0.02778 , 0.02778 
Co = 4 Salo Se ayaaoau 
cosh! oar ot 


yet tee 


= 1.86 x 10-3 farads per km. 
Taking the apparent dielectric constant to be 5 
c = 5c) = 9.3 X 10° farads per km. 
Therefore the linear hyperbolic angle at f = 5000 ~, is 


a = /27 X 5000 X 9.8 xX 10-8 x 1.424 x 10° /45° 


= 20.4 /45° 
The total length x of the bifilar of 100,000 ohms is 
_ 100,000" Aen 
vy LAA Se 10 ue 


Therefore total hyperbolic angle is 
6= ae = 14:3 /45" 
By Fig. 9, p = 0.5 when 62 = \b5°. 
Therefore the number of sections required is 
14.3 “ 

al 28.6 2 30 

In Fig. 9, k = 0.99 when p = 0.5. In this case the 
error in the size of the impedance is 1 per cent. This 
value is permissible for practical purposes, so three 
sections per 10,000 ohms would be sufficient. 


Bibliography 

1. The Application of Hyperbolic Functions to Electrical 
Engineering Problems. A. E. Kennelly. 

2. On the Calculation of Vector Power in an Alternating- 
Current Circuit. H. Nukiyama. Denki Gakkai Zasshi, Oc- 
tober 1920. 

3. Artificial Electric Lines. A. E. Kennelly. 

4. Chart Atlas of Complex Hyperbolic and Cireular Fune- 
tions. A. KE. Kennelly. 

5. Tables of Complex Hyperbolic and Circular Functions. 
A. HE. Kennelly. : 

6. Character of a Three Electrode Vacuum Tube as an 
Audio-Frequenecy Generator. S. Chiba. Denki Hyron, Jan- 
uary 1922. 

7. Artificial Electric Lines. 
d@ Electricité, January 1918. 

8. Hado Shindo Oyobi Hirai. 


J. B. Pomey. Revue Générale 


H. Ho. Page 232. 


The Trenton Channel Plant 


of the Detroit Edison Company 
BY C. F. HIRSHFELD: 


Associate, A. I. E. E. 


Synopsis.—This plant is the second to be built by this Company 
well outside the corporate limits of Detroit, the two being connected 
by a 120-kv. tower line arranged for supplying suburban areas and 
the outer part of the city. The plant has a planned ultimate capacity 


of 300,000 kw. It contains both d-c. and a-c. house service, turbine- 
driven units and nearly all important variable speed auxiliaries are 
driven by d-c. motors. Coal is used in pulverized form, the paper 
giving the conclusions which led to its adoption. 


HE Trenton Channel Plant is one of several 

interconnected plants serving Detroit and sur- 

rounding territory. Its location and many of its 
characteristics are determined by this fact and a brief 
statement of some of the characteristics of the territory 
and system is therefore desirable. 

Detroit is located on the Detroit River and has a 
roughly semicircular shape with the river bank serving 
as the diameter. This can be seen in Fig. 1, in which 
the territory served by The Detroit Edison Company 
is indicated. It will be seen that the City of Detroit is 
on what might be called one edge of this area. 

Steam plants generating power for the supply of 
Detroit and surrounding territory must logically be 
located on the water front provided by the Great 
Lakes System since no rivers in this region are large 
enough to supply the circulating water requirements of 
stations of modern size. This brings about a situation 
in which the power is necessarily generated along the 
easterly boundary of the area, that is externally, 
except in so far as a few small hydroelectric plants 
_ located on the Huron River give what might be called an 
internal supply. 

The first two large steam plants of the company are 
located within the city boundaries and are known 
respectively as the Delray and the Connors Creek 
Stations. The power generated by these stations is 


carried out underground and most of it at 23,000 volts. - 


The territory external to Detroit was thus necessarily 
supplied by lines radiating from Detroit and fed by the 
underground system. 

This arrangement came about quite naturally and 
was quite satisfactory for some years. However, as 
the density of load in Detroit and in the surrounding 
territory increased it brought about several very 
illogical, undesirable and costly consequences. The 
most obvious were: 

1. Power generated in plants located on costly land 
within the city and subject to high city taxes was 
transmitted over costly underground structure, also 
subject to city taxes, for the purpose of supplying over- 
head transmission lines serving small suburban towns 
and cities and country areas. 


1Chief Research Dept., The Detroit Edison Co. 
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2. The power required for service to the least 
saturated territory had to be passed through the most 
nearly saturated territory thus unnaturally increasing 
the difficulties brought about by congested streets, 
high property values and the like. 

3. The point of power generation was located some 
distance from a few of the larger suburban loads, as at 
Pontiae and Port Huron, making regulation difficult or 
exceedingly complicated and costly. 

4. The coal supply for these plants comes in by 
rail from the South and must be handled through 
congested city yards and over congested terminal rail- 
roads while much of the power generated from this coal 
was again shipped out of the congested territory. 

In addition to these obvious disadvantages it became 
evident that the total capacity of the combined plants 
would shortly be required to supply the city alone and 
that it would not be long before even that capacity 
would be inadequate for the city’s needs. The natural 
thing to do was to locate future plants outside the city 
and in such positions as to be of maximum value to both 
the surrounding territory and the municipal area. 


The first of these newer plants was constructed at 
Marysville near Port Huron. This location was near 
one end of one of the longest transmission lines and very 
close to one of the largest concentrated loads outside 
the city of Detroit. The second of these plants was 
built almost at the other end of the available water 
front, namely, just below the city of Trenton and is 
known as the Trenton Channel Plant. 


This location is such that the coal carrying roads run 
close to the plant on their way to Detroit, so that coal 
can be delivered to the plant without having to enter 
the congested Detroit district. The location also has 
the advantage of placing the plant in a section of the 
territory which is rapidly developing to a dense indus- 
trial district and all indications point to this section as 
the one which will continue to develop most rapidly in 
this way. Other advantages of the location will be- 
come apparent from subsequent paragraphs. The 
locations of the two older and the two newer plants are 
indicated on Fig.-1 and the air-line distances between 
them are also given. 

With these two new plants in existence, an entirely 


different system of transmitting energy becomes 
available. A 120,000-volt line which might be de- 
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scribed as a trunk has been run between them and it has 
been given such a course that it swings out into the 
country areas to the north and west of Detroit. The 
location of this trunk is shown on Fig. 2 by a heavy line. 
The lighter lines indicate existing 28,000- and 45,000- 
volt lines which originally transmitted energy from 
the Detroit plants. 

_ These lines will ultimately be fed from step-down 
stations located along the high-tension line and some of 
them will not only supply the smaller towns and country 


Approximate outline 
of Territory served 
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areas but will also feed back into Detroit. This gives 
a more logical arrangement since large amounts of 
energy can be brought in through the least congested 
areas to feed the most congested. 

It will be seen in Fig. 2 that the high-tension trunk 
runs through a place named Brownstown near Trenton 
Channel and also that high tension lines run roughly 
north and south from Brownstown. Power generated 
at Trenton Channel is transmitted to a switching 
station at Brownstown and is there routed over such 
circuits of the three radiating lines as may be desired. 
In addition, some of the power received at Brownstown 
is there stepped down to 23,000 volts and distributed 
for the supply of adjacent territory. Power routed to 
the north is used to supply the industrial area south- 
west of Detroit and also to supply the west side of 
Detroit, thus partly relieving the old Delray Station. 
Power routed to the south now supplies a rather large 
load in Monroe at the extreme southern end of the 
territory and will ultimately also supply a heavy indus- 
trial development which is expected to follow down 
along the water front. Power routed to the west sup- 
plies the country areas and suburban municipalities and 
some of it will ultimately be fed back into the northern 
part of Detroit. 
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When the lines running out from Trenton Channel are 
completed there will be three steel-tower lines, each 
carrying two three-phase circuits of No.3/0 copper, thus 
giving six circuits or transmission lines. Four of these 
will run direct te Brownstown and two will run to one 
of the outdoor stations lying on the western edge of 
Detroit. Connections between this station and another 
of similar character will serve to tie this line from Tren- 
ton Channel to the short line running north from 
Brownstown when desired, thus giving a looped supply 
to these two important substations. 

Arrangements have been made at Trenton Channel 
to step up to voltages lying between 110,000 as a lower 
limit and 120,000 as an upper limit. Arrangements are 
being made for two separate high-tension busses. It is 
obvious that when completed this will make it possible 
to supply the loop just referred to at a low voltage and 
still use the higher voltage on the trunk line if this is 
required to meet existing conditions of load. 

The use of two separate busses also makes it possible 
to continue and extend a practise which has been a 
striking characteristic of the operating methods of the 
company for several years. This practise may be de- 
scribed as a loose linkage or a limited linkage between 
generating units, using the latter term to mean a group 
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of turbo generators such as a large section of a single 
generating plant or an entire plant. The practise was 
started by dividing up the territory in such a way 
that each plant supplied the area nearest to it and then 
connecting the separate areas by the minimum possible 
amount of copper. As a result, all plants remained in 
step under normal conditions and even under slightly 
abnormal conditions such as the loss of a generator at 
one of the plants. However, a serious fault such as a 
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bad ground would create sufficient disturbance to break 
the areas apart, thus confining any subsequent trouble 
to the affected area. This practise was brought about 
by an effort to reduce the severity of the service on oil 
switches. 
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The Trenton Channel Plant is located on the southern 
end of an island in the Detroit River. This island is 
known as Slocums Island and is or was merely a piece of 
high ground separated from the high mainland by a 
narrow marsh. A channel has been dredged through 
this marsh so that the so-called island is now an island 
in fact. The plant site is underlain with a good grade 
of limestone rock at a depth of about 18 to 20 feet 
beneath the original surface of the ground so that ideal 
foundation conditions exist. 

The plant is so located on the site that its major axes 
run approximately north and south and the flow of 
circulating water through it is approximately from the 
east toward the west. This water is taken from the 
Trenton Channel of the Detroit River on the east of the 
island and is discharged into the dredged channel to the 
west previously mentioned. The general location and 
arrangement are shown in Figs. 3 and 4. 


Starting at the river, the circulating water enters a 
forebay protected by deflecting piers, booms and skim- 
ming aprons and flows through the screen house on its 
way to the intake tunnel under the turbine house. The 
usual arrangement of inclined traveling screens pro- 
tected by stationary rough screens or grizzlies is used. 


Next to the screen house is located the coal unloading 
house. This contains two through tracks located above 
track hoppers into which the coal is dropped from 
gondola type cars. Crane rails, supported on the 
building columns in the usual way, carry a coal spudding 
device similar to those used for breaking up and un- 
loading coal in the other plants of this company. 

All coal entering the plant or going into storage is 
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Fig. 4—Cross Section, TRENTON CHANNEL PLANT 


The same practise was adopted with respect to the 
individual plant. When conditions are sufficiently 
severe the plant bus is split and the feeders and networks 
so handled that there is minimum possibility of a serious 
fault on one part of the bus affecting service from the 
other part. It will be seen that the double bus arrange- 
ment provided at Trenton Channel fits into this 
method of operating. 


weighed on railroad track scales located on a track 
which runs between the screen house and the unloading 
house. These scales are indicated in Fig. 3. 

Coal dropped into the track hoppers is carried away 
and elevated by means of pan conveyers which dis- 
charge it into the feed end of a Bradford breaker. 
This arrangement together with subsequent coal hand- 
ling equipment is shown in Fig. 5. From the breaker 
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the coal is elevated to the green coal bunker at the top 
of the coal preparation house. From there it gravitates 
through steam-heated, air-circulating driers into the 
pulverizing mills. The pulverized fuel is carried out of 
the mills by air, separated from the air in Cyclone separa- 
tors and delivered from these by screw conveyers to the 
hoppers of Fuller-Kinyon pumps. These pumps are 
coupled to a duplicate piping system which distributes 
the pulverized fuel to the bunkers in the boiler house. 
Pulverized fuel firing was chosen for this plant after 
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elaborate studies which were based on the best attain- 
able data. It was realized that recent developments in 
stokers combined with the meagerness of information 
regarding actual operating costs with pulverized fuel 
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made a study of this kind exceedingly difficult and 
tended to throw doubt on the correctness of the con- 
clusions. However, the following conclusions seemed 
to be justified: 

1. The pulverized fuel method had been developed 
to such an extent that continuity of service approxi- 
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mately equal to that obtained with stoker firing could be 
expected. 

2. The total cost of steam, including all operating 
and capital charges, would probably not be any higher 
with the pulverized fuel method than with stokers and 
possibly a little lower when using the same number of 
boilers with either method of firing. 

3. It appeared that it would be possible to obtain 
a flatter efficiency curve over a wide range with pul- 
verized fuel than with stokers and to obtain high boiler 
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ratings with greater facility, thus making it possible to 
use a smaller number of boilers advantageously and to 
reduce capital charges by a corresponding amount. 

4. It seemed certain that a pulverized fuel plant 
would be less dependent on the supply of a particular 
quality of coal. This is not intended to mean that it 
was expected that such a plant could burn all sorts of 
coal with equal facility but that such variations as must 
naturally be expected to occur in the deliveries from a 
given field would not have as great an effect upon capac- 
ity and efficiency as had proved to be the case with the 
older, stoker fired plants. It was also hoped that poorer 
grades of coal than had been found best suited for 
stokers of the type previously used might be found to 
give commercially satisfactory results, thus increasing 
the flexibility of coal purchasing in several respects. 

The decision in favor of pulverized fuel was based 
very largely upon the fourth conclusion, namely greater 
flexibility with respect to character of coal. This was 
particularly important in this case because the plant is 
so located that cars of poor or questionable coal can 
easily be dropped there before entry to Detroit. It is 
thus possible to skim off the best coal, figuratively 
speaking, for delivery to the Detroit plants and to drop 
the poorer varieties on the way into the city. 
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The plant was laid out for an ultimate installed gen- 
erating capacity of 300,000 kw. The design is based on 
the use of six 50,000-kw. units. Three have been in- 
stalled and the fourth will be installed in the near 
future. 

The generators of these units are rated at 62,500 
kv-a. at generator voltage corresponding to 120,000 
volts on the transmission line. The nominal generator 
voltage is 12,200. The turbines are designed for best 
efficiency at a generator output near 43,000 kw. with 
steam at 370 lb. and 700 deg. fahr., but can carry 
something over 50,000 kw. at reduced efficiency. 
Under ordinary conditions the generators will be op- 
erated well below their maximum capacity and therefore 
at. low temperatures which should result in long life of 
insulation. The field circuit has been designed very 
liberally and the direct-connected exciter is generously 
large so that occasional operation with high current, 
as with poor power factor or maximum output at low 
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voltage, is provided for. Great flexibility is thus ob- 
tained with respect to generating conditions and full 
advantage may be taken of the double bus already 
described and the variation of voltage desirable in 
feeding from the same plant concentrated loads at 
short distances and scattered loads at great distances. 

Each generator is tied solid to a 25,000-volt, 4000- 
ampere oil switch which is located in a bay which runs 
along one side of the turbine room. Beyond this oil 
switch there is located a disconnecting switch and then 
the line runs outdoors to the step-up transformers. 
There are three water-cooled, outdoor-type trans- 
formers per generator and they step up through delta-Y 
connections to bus voltage, that is, to a value between 
110,000 and 120,000 as desired. The transformer 
ratio is fixed, the variation of voltage being obtained at 
the generators. 

The step-up transformers are connected to the out- 
door busses through 132,000-volt, 400-ampere, outdoor- 
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type oil circuit breakers with the usual disconnecting 
switches. 

Thus, each generator with its own set of transformers 
and its switches is a separate unit right up to the 
high-tension, or transmission line bus. The lower- 
voltage, indoor switch is used for normal operations 
such as connecting a generator to the bus after syn- 
chronizing. Both the indoor and the outdoor switches, 
however, are automatic under relay operation. 

The neutral point of each generator and the neutral 
point of each step-up transformer Y is connected solidly 
to ground. Differential relay protection is provided for 
each generator and bank of step-up transformers as a 
unit and differential and overload relay protection is 
provided on out-going lines, the pairs of lines normally 
being operated in parallel. 

A single line diagram of generator connections, 
outdoor yard and out-going lines is shown in Fig. 6 in 
the form which will be assumed when the plant is com- 
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pleted. A cross-section of the electrical end of the 
house and the outdoor yard is shown in Fig. 7. 

The uncertainty with respect to what limitations 
might be discovered in the use of pulverized fuel dic- 
tated a rather generous design of boiler room. It 
seemed probable that. eighteen boilers of the size chosen 
should be sufficient for a 300,000-kilowatt station but 
the design was so arranged that three more could be 
added if necessary. To date operation has indicated 
that eighteen will certainlv be sufficient and it is possible . 
that a still smaller number will prove satisfactory. 

' The boilers chosen are a double-ended, five drum, 
curved tube type similar to those used in the older 
plants of the company. They have, however, been 
redesigned in the light of experience and tests, with 
the result that greater capacity is obtained within a 
given floor area and height with an increase in the 
boiler efficiency. The boilers installed contain about 
29,000 sq. ft. of saturated surface designed for an opera- 
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ting pressure of 416 lb. per sq.in. Hearth screens add 
about 1200 ft. of saturated surface. The superheaters 
give a steam temperature of about 700 deg. fahr. Each 
boiler is surmounted by two steel tube economizers 
built into a single housing, the gases flowing from 
the dampers through flues and economizers toward the 
center of width of the economizers and thence through 
induced draft fans to the stacks. 
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A vertical, cross section of a complete boiler and 
furnace unit is shown in Fig. 4 and to a larger scale in 
Fig. 8. It will be observed that the furnace is of the 
common air-cooled type and that it is fired from two 
sides. The ash which collects in the furnace and that 
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which collects in boiler and economizer is all dropped 
into a sluiceway under the boiler and carried to a set- 
tling basin outside the plant. At the present time this 
material is being used for fill on the property, being 
transported by means of a dredge pump ard moveable 
pipes. , he 

The Trenton Channel Plant happens to be located 
within a very short distance of a fine residential com- 
munity. For this reason it was felt that it would be 
desirable to determine early in the life of the plant the 
best means of preventing excessive discharge of ash from 
the stacks. At the time that the plant was designed the | 
Cottrel precipitator appeared to be the only commer- 
cially available device which had been used extensively 
for separating fine dust from hot gases and such pre- 
cipitators were therefore installed on two stacks serving 
six boilers for the purpose of obtaining actual operating 
experience with them under power plant conditions. 
The limitations set by dimensions and by cost resulted 
in the purchase of precipitators intended to remove 
not much more than 90 per cent of the dust carried 
toward the stack. Experience to date is not sufficient 
to justify the drawing of sweeping conclusions but 
seems to indicate that it is possible by these means to 
eliminate from 80 to over 90 per cent of the dust 
without incurring prohibitive capital or operating 
charges. ae 

The Trenton Channel Plant operates on what is 
commonly known as the regenerative cycle. That is, 
the main unit is bled at several points and the steam 
thus obtained is used for heating that unit’s condensate 
in a series of closed heaters. Hewever, the system as © 
used in this plant is complicated by the use of certain 
auxiliary generators and other distinctive features and 
some of these should logically be considered before 
taking up the flow of steam and of condensate. 

The experience of the company which built, owns 
and operates this plant leads it to believe that auxiliary 
energy supply should be reasonably independent of the 
main station bus, that is of the main generators. This 
is particularly true with respect to the supply for what 
are commonly. known as essential auxiliaries. This 
experience also leads the engineers of this company to 
believe that when all things are considered the most 
satisfactory results are obtained when variable speed 
auxiliaries are driven by direct-current motors. 

A supply of auxiliary energy independent of the 
main generators of the plant could have been obtained 
by feed back from the other stations of the company, 
by the useof auxiliary generators coupled to the shafts of 
the main units or by the use of independent, steam- 
driven, house-service generators. The first of these 
possibilities was eliminated except as will be noted later 
because of the distance from other stations, the pos- 
sibility of having to operate the plant isolated from the 
others at times, and the complications and costs in- 
volved in bringing power back from outside in such a 
way as to make the auxiliary system independent of the 
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voltage variations planned for the station busses and 
the outgoing lines. 

The use of direct-coupled, house-service units was 
given serious consideration. It has the great advan- 
tages of simplicity and low cost but certain undesirable 
features when applied to this particular plant. The 
desire to use both alternating and direct-current auxil- 
lary supply and at the same time to make the auxiliary 
energy supply independent of other plants would have 
involved the use of alternating-current house service 
machines together with converting equipment for direct- 
current supply. Further, the’ starting of a single 
generator with its main auxiliaries driven by direct- 
current motors would have been practically impossible 
without an initial supply of energy from an external 
source. When all of the possible solutions along this 
line were considered it was felt that the third possibility 
represented the best solution in this case. 

The station as finally constructed may be said to 
contain three different sets of generating units or to 
consist of three different generating stations. When 
completed the six main generating units will constitute 
one set; eight or ten direct-current generators driven in 
pairs through gearing by condensing steam turbines 
will constitute another set; and three or four 2300-volt 
alternators driven by condensing steam turbines will 
constitute the third set. 

The direct-current units are 2000-kw., 250-volt 
machines with two armatures mounted side by side on a 
single shaft which is driven at 360 rev. per min. The 
turbine driving this double unit with a total capacity of 
4000 kw. is a cross-compound affair with the high- 
pressure unit operating at 4000 rev. per min. and the 
low-pressure unit at 3000 rev. per min. These turbines 
drive the generators through pinions on opposite sides 
of a single large gear, the generator shaft being coupled 
to the shaft of this gear. 

These turbines are arranged for bleeding at a pressure 
of about 10 lb., gage. The bled steam is used for 
building. heating and for coal drying. 

The steam which passes through these turbines is 
condensed in small surface condensers suspended be- 
neath the individual turbines and each equipped with 
its own circulating pump, air pump and condensate 
pump. The condensate is delivered into the main 
feed water system as will be described later. 

The alternating-current auxiliary units are rated at 
2000 kw. each at 2300 volts. They are direct-connected 
to single barrel, condensing steam turbines which are 
arranged for bleeding but are not bled at present. The 
condensing equipment is similar to that just described 
and the condensate also enters the main feed water 
system. 

A list of motor-driven auxiliary equipment with 
certain important data such as type of motor, speed, 
ete., is given in Table I. It will be observed that 
practically all motor-driven equipment in the boiler 
house is equipped with adjustable-speed, direct-current 


HIRSHFELD: THE TRENTON CHANNEL PLANT 


361 
TABLE I MOTOR SCHEDULE 
A-C. Motors 
Rev. per 
Motors for No.| H.P. | Voltage Type Min. 
Ash removal pumps....| 3 60 2200 Squirrel Cage 1200 
Fuller-Kinyon coal 

DUMADS 5 cnc ctspory, + allevateve 3 60 2200 Squirrel Cage 1200 
Pulverizer mill exhaust- 

OLS Ascii cathy cie emer bess 14 60 2200 Squirrel Cage 1200 
Aux. Air compressor, 

general service....... 1 60 2200 Squirrel Cage 1200 
North and south long 

apron coal conveyor..| 2 25 2200 Slip Ring 600-1200 
North and south short 

apron coalconveyor..| 2 25 2200 Slip Ring 1200 
East and west pulverized 

coal screw conveyor. 4 25 2200 Slip Ring 600—1200 
South, middle, raw coal 

bucket conveyor..... 2 25 2200 Squirrel Cage 900 
Coal breaker........... 1 150 2200 Slip Ring 520-720 
Belt and shuttle coal 

CONVEY OL. fae nie aes 2 10 230 Slip Ring 900 
Coal pulverizer mills....| 14 100 2200 Squirrel Cage 450 
Picking belt conveyor. il 7% 220 Slip Ring 750-1200 
2000-kw. house alterna- 

tor circulating pump.| 2 60 220 Slip Ring 720-450 
2000-kw. house alterna- 

tor hot wellpump....| 2 15 230 Squirrel Cage 1800 
Air compressor for coal ; 

transportation....... £ 185 2200 Synchronous. . 225 
Main air compressor, 

general service....... 1 185 2200 Synchronous 225 
Crane over coal breaker.| 2 30 220 Slip Ring 620 

Total 
Screen house general : 

service pump........ 1 240 2200 Squirrel Cage 1700 
Coal unloader.......... 6 20 230 Slip Ring 900 
2000-kw. house alterna- 

tor vacuum pump....| 2 25 220 Squirrel Cage 1800 
Goalidrycrss.5 tas ee 1 25 | 2200 Slip Ring 600-1200 
Fan for crusher and 

Dreaker j.citatee sietoiwke 1 25 220 Slip Ring 600-1200 

D-C. Motors 
4000 kw. d-c. house ser- ¢ 

vice turbo-generator 

hot wellpump....... ey 25 240 Compound 1200-1600 
Primary feeder blowers 

for (boilersis..o2.s\\« ce. 0 16 30 240 Compound 1200-1600 
Boiler coal feeders...... 64 2 240 Shunt 300-1200 
Boiler damper......... 8 %| 230 Series 575 
50,000-kw. turbo-gener- 

ator main circulating 

DUIS) setacice ees sc .cte 6 1325/74 240 Shunt 255-175 
General service pumps..| 2 |175/240| 240 Compound 1200-1700 
50,000-kw. turbo-gener- 

ator main dry vacuum 

PUMPS eet cee ten ais 3 | 66/14 240| Shunt 120-60 
4000-kw. house service 

d-c. turbo-generator 

auxiliary dry vacuum 

DUIS: d= ay aces aaielels 3 | 25/12 240 Shunt 125-60 
4000-kw. house service 

d-c. turbo-generator 

auxiliary circulating . 

DUD Jocfos: oe = une 3 |60/37 240 Shunt 435-215 
Boiler induced draftfans| 8 |350/12 240 Shunt 500-166 
125- and 25-ton turbine 

room crane.......... 4| 170 230 Compound 725-800 

total 
Crane over Turbo-gen- ; 
Gravons vite sc hate et 3| 47% 240 | Compound 700-800 
total 
Blower for ventilating 

d-c. house service gen- 

GEAGOLS es oie wre eye et 3 20 240 Compound 460 
Turbineroomexhaustfan| 2 | 25/8 230 Shunt 1150-800 
East roof ventilation fan| 1 |10/2.5 230 Shunt 420-290 
West roof and window 

ventilation fan....... 1 |15/4.5 230 Shunt 300-230 
North window  venti- 

TW ta (ah 24 eaten Sci ows 1 |10/2 230 Shunt 600-440 
Hot drip return pump..| 2 25 230 Compound 1750 
Boiler feed and hot well 

[Outer 5 cata eS Core .| 3 |700/400! 240 Compound 1200-1000 
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motors and that the larger turbine house auxiliaries are 
similarly fitted. On the other hand, certain pieces of 
equipment located in the coal handling and coal 
preparation buildings and which require adjustable- 
speed motors are equipped with alternating-current 
drive. This was done because of the practical impos- 
sibility of preventing the generation and settling of 
coal dust in such places. It was felt that the greater 
freedom from danger of sparking together with the 
lower maintenance cost to be expected under such 
conditions of operation justified the use of adjustable- 
speed, alternating-current motors for such service. 
Constant speed motors are of the alternating-current 
type throughout. 
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Consideration of the means for supplying auxiliary 
energy thus far described will indicate that the plant 
could not be started conveniently from a cold condition 
as electrical energy is required to operate the mechan- 
isms used in supplying fuel to the boiler furnaces. 
For this reason and also as a matter of greater con- 
venience and greater flexibility there is a feedback of 
23,000-volt alternating current from Brownstown. 
This supply is stepped down through a 3000 kv-a. 
transformer and may be connected to the 2300-volt 
alternating-current bus. Ultimately this feedback 
connection will merely be a tap on the 23,000-volt 
distribution system in this territory. 

This supply from outside the plant can be used to 
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operate a 500-kw. motor-generator set to supply the 
necessary direct current for starting a boiler in addition 
to operating such alternating-current motors as must be 
used during the starting up of the plant from cold. 

The arrangement of auxiliary busses together with 
sources of supply and driven equipment is shown in 
Fig. 9. The direct-current bus is operated throughout 
at a nominal 240 volts and takes the form of several 
rings so arranged as to give maximum assurance of 
continuity of service. Structurally, this bus consists 
of copper bars supported by steel frames hung from the 
ceiling, the copper being insulated from the frame by 
blocks of alberene stone which,are notched to receive 
the bars and are shaped to fit properly in clamps which 
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are attached to the steel frames. These busses are 
protected by being wrapped with a double layer of 
canvas sewed in place with pressboard inside the canvas 
and above and below the copper. When the canvas is 
in place it is given several coats of bitumastic paint. 
This protection prevents trouble from accidental 
contacts and also serves as a water proofing. 

The alternating-current bus is merely a duplicate 
bus of conventional type operating at 2300 volts. 
Throw-over switches for the larger motors or groups of 
motors together with provisions for connecting the two 
busses together give ample flexibility. 

The plant and yard lighting is carried on the 2300- 
volt bus as shown at the extreme left hand end of Fig. 9. 
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Certain emergency lights throughout the power plant 
buildings have an automatic throw-over to the battery. 
Special outlets are provided throughout the plant for 
extension-cord lights at 28 volts alternating current. 
The use of such low voltage for extension cord work has 
been common in the plants of this company for many 
years and has been found exceedingly desirable because 
of the safety against severe shock. The lamp used for 
extension cords is the standard railroad coach light and 
is exceptionally rugged. 

Returning now to the feed water circuit, it has been 
stated above that this is arranged for regenerative 
heating. A diagrammatic representation of the entire 
system is shown in Fig. 10. The normal water circuit 
may be traced by starting at the hot well of the main 
condenser in the lower left hand corner of the illustra- 
tion. Water flows through the lower line from the hot 
well to the motor-driven condensate pump and then 
rises vertically to the 19th stage heater. It flows 
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successively through the 19th and 17th stage heaters, 
the evaporator vapor condenser and the 14th stage 
heater and then vertically downward to the suction of 
the motor-driven boiler feed pump. This pump for- 
wards it to the feed water headers from which the 
water flows through the various economizers to the feed 
drums of the boilers. The lower horizontal line in the 
diagram represents a bypass around all feed water 
heaters which makes it possible to pass water direct 
from the discharge of the hotwell pump to the suction 
of the boiler feed pump. 

The motor driven hotwell pump and the motor driven 
boiler feed pump are coupled together and driven by the 
‘same motor. They are shown separated in Fig. 10 
merely as a convenience in drawing the lines of flow. 
In effect these two pumps are equivalent to a single, 
multistage pump with provision for taking the water 
out of the pump at the discharge of one intermediate 
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runner and returning it again to the suction of the next 
runner. Each main unit is supplied with one of these 
combination pumps driven by a variable speed, direct- 
current motor. The motor speeds are controlled by 
hand to regulate feed water pressure and distribution 
of condensate flow between main units. 

It is quite obvious that the speeds at which these 
pumps are operated depend upon the demands of the 
boilers and that some other provision must therefore be 
made to maintain a proper rate of condensate removal 
from the condenser. Also, the total quantity of water 
held by the boilers varies greatly with load so that a 
certain amount of flexibility is required with respect to 
the water content of the system. This is provided in 
two ways. First, the lower part of the condenser shell 
is built in the form of a large, deep box or ‘‘bath tub”’ 
giving a hot well of large storage capacity and capable 
of permitting a relatively great variation of condensate 
level. Second, further flexibility is secured by intro- 
ducing large storage tanks. 

Floats operated by high and by low water in the 
condenser hot well put these storage tanks into and out 
of use in the following way. If the water level rises 
too far it indicates that the condensate pump is not 
removing water fast enough, that is, that under existing 
conditions, the boiler feed pump is not taking water as 
fast as the condenser is making it. If the water level 
rises far enough, the high level float opens the right hand 
valve of the two marked ‘Float Controlled Storage 
Valves” in Fig. 10, thus permitting the condensate 
pump to discharge into the storage tank in addition 
to discharging into the suction of the boiler feed pump. 


_ On the other hand, if the water in the hot well drops to 


the limiting lower level the low level float opens the 
left hand valve of the two indicated and permits water 
to flow from storage to the condenser, thus giving the 
condensate pump a supply commensurate with the 
demands of the boiler feed pump. ‘To prevent exces- 
sive oxygen content and resultant rapid corrosion of the 
steel tube economizers, provision is made for steam 
sealing of the storage tanks and, in addition, the water 
discharged from them into the condenser is admitted 
in such a way and place as to ensure maximum 
deaeration. 

The condensate discharged by the hotwell pumps 
of the condensers on the auxiliary turbines already 
described is discharged into the lines connecting with 
the storage tanks as shown in Fig. 10. This arrange- _ 
ment results in the deaeration, in the main condenser, 
of all water coming from the small units which are more 
apt to develop air leaks at low pressure turbine shaft 
seals and at hotwell pump shaft seals. 

Each main unit is provided with a duplicate steam 
driven combination pump. This is exactly like the 
motor-driven outfit just described, except that it is 
driven by a single-stage steam turbine instead of by a 
motor. This steam driven unit will be used only in 
emergency and then it will be started without prelimin- 
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ary warming up, if necessary, and will exhaust to the 
atmosphere as shown in Fig. 10. If the conditions 
require this pump to operate for any length of time the 
valve shown to the left of its exhaust line will be opened 
so that the turbine driving it will discharge into the 
main condenser. Such operation will be resorted to 
merely for the purpose of saving the steam which is all 
made from distilled water. 

It will be noted from the diagram in Fig. 10 that the 
make-up for the station is supplied by a single effect 
evaporator taking its steam from the 14th stage 
bleeder connection and normally discharging its vapor 
to a condenser located on the high side of the 17th stage 
bleeder heater. When operating in this way the 
evaporator is capable of producing about 114 per cent 
make-up. A greater production can be obtained by 
increasing the temperature head and provision is there- 
fore made for discharge of evaporator vapor to the 
19th stage bleeder heater connection as shown. 

Under normal operating conditions the temperature 
of feed water entering economizers will vary between 
about 200 and 250 deg. fahr., depending upon the 
vacuum carried in the main condensers and the loads 
on the main turbines. Higher values could have been 
obtained easily but the values chosen seemed to give 
the best commercial solution when cost and perform- 
ance of economizers were taken into consideration. 
Higher values could have been used if air heaters had 
been installed instead of, or even possibly in addition to, 
economizers. However, at the time this plant was 
designed the air heater was considered to be very de- 
cidedly experimental. In addition, the furnace walls 
were to be air cooled and nothing was known about 
maximum permissible temperatures for air used for 
this purpose nor maximum permissible temperature for 
air entering the furnace interior. 


The summary at the end of this paper gives essential 
data with respect to all major equipment and the more 
important minor equipment. Taken in combination 
with the motor data given in Table I it gives in con- 
venient form most of the important information in 
connection with the apparatus installed. Further de- 
tails of the ideas and theory underlying the design of the 
plant and of the equipment can be obtained by referring 
to the following three articles which have been published 
in the technical press: 


1. The Trenton Channel Plant of the Detroit Edison Com- 


pany; C. H. Berry; Power, May 27, 1924; Page 848. 


2. Design Features of Trenton Channel, P. W. Thompson; 
Electrical World; May 31, 1924; Page 1115. 

3. Unusual Electrical Features Found in Trenton Channel 
Station; Electrical World; January 31, 1925; Page 247. 


SUMMARIZED STATEMENT OF MAJOR EQUIPMENT 

Main Generating Units. Three 50,000-kw.  single-barrel 
horizontal turbines driving three 62,500-kv-a., three-phase, 
60-cycle generators with direct-connected exciters. Turbines 
operate at 1200 rev. per min., have 21 stages, a water rate 
(at 42,500 kw. without bleeding) of 9.4 lb. per kw-hr. when 
supplied with steam at 375 lb. gage and 700 deg. fahr. Turbines 


HIRSHFELD: THE TRENTON CHANNEL PLANT 


Transactions A. I. E. E. 


are bled at 19th, 17th and 14th stages. 
voltage is 12,200. 

Generator Air Coolers. Horizontal, finned-tube cooler con- 
tained in housings within generator foundations. Coolers 
arranged for circulation of condensate or water from intake 
tunnel of plant. 

Main Condensers. ‘Three 47,300-sq. ft., single-pass condensers 
arranged with steam belt. Tubes are made of 70 per cent Cu, 
28 per cent Zn and 1 per cent Sn alloy, 1 in., No. 18 Stubbs gage 
and are arranged in single lines converging from a maximum 
spacing at top of condenser of 4 in. to the minimum possible 
with 1 in. tubes at entrance to air cooler. Each condenser is 
equipped with two 60,000-gal. per min. circulating pumps driven 
by direct-connected variable speed d-c. motors; two condensate 
pumps one of which is mounted on shaft of motor-driven boiler 
feed pump and one on shaft of steam-driven boiler feed pump; 
one vertical reciprocating dry vacuum pump. 

Main Hotwell and Boiler Feed Pumps. Hotwell and boiler 
feed pumps are mounted on same shaft. There are two for each 
main unit, one driven by 700-h. p. adjustable-speed d-c. motor 
and the other by a 750-h. p. steam turbine. The steam-driven 
pump has a capacity of 1300 gal. per min. at 1700 rev. per min. 
and the motor-driven pump has a capacity of 1300 gal. per min. 
at 1200 rev. per min. 

Main Generator Switches (12,200-volt). Three switches one for 
each main unit. Each switch is a 4000-ampere, 25,000-volt oil 
switch with motor-operated mechanism. 

Main Step-Up Transformers. Each main unit has three, 
single-phase, 21,000-kv-a., 12,000, 120,000-volt, oil-insulated, 
water-cooled, outdoor-type transformers. 

Main Generator Outdoor Switch (132,000-volt), Hach main 
generator has two three-phase, 400-ampere, 132,000-volt out- 
door-type oil switches, éach phase in separate oil tank. Each 
switch is motor operated by centrifugal operating mechanism. 

Direct-Current House Service Machines. Three 4000-kw. 
units, each unit consisting of cross-compound steam turbines 
driving through a reduction gear, two shunt-wound; interpole, 
2000-kw., d-c. generators mounted on a single shaft. High- . 
pressure element operates at 4000 rev. per min., low pressure at 


The nominal generator 


' 3000 rev. per min. and generators at 360 rev. per min. 


Condensers for Direct-Current House Service Machines. Three 
7500-sq. ft., two-pass condensers completely equipped with eir- 
culating pumps, hotwell pumps and air pumps. 

Alternating-Current House Service Machines. Two single- 
barrel turbines each driving one 2000-kw. three-phase, 60- 
cycle, 2300-volt generator with direct-connected exciter, at 
3600 rev. per min. 

Condensers for Alternating-Current House Service Machines. 
Two 4100-sq. ft. two-pass condensers equipped with circulating 
pumps, hotwell pumps and air pumps. These auxiliaries are 
driven by a-c. motors and can be brought up with machine if 
desired, priming being taken care of by priming header running 
the length of the plant. 

Main Steam Piping. Van Stone joints with gaskets. 

Main Turbine Room Crane. One 125-ton crane with span of 
97 ft.6in. Can handle circulating pumps and other auxiliaries on 
condenser room floor as well as main unit parts. 


Boilers. Hight 29,085-sq. ft., five-drum, curved-tube boilers 
built for operating pressure of 416 lb. on drums and equipped 
with two superheaters per boiler which give total steam tempera- 
ture of 700 to 725 deg. fahr. A hearth screen is used at the | 
bottom of furnace under each boiler but is entirely separate from 
the boiler in so far as circulation is concerned. Each hearth 
sereen consists of two separate boilers with independent feed. 
Steam made in these boilers joins steam made in main boiler and 
the combination passes through superheater of main boiler. 
Boilers are arranged in groups of three across main axis of boiler 
house and are fired from both ends thus giving four firing aisles 
running lengthwise. 
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Pulverized Fuel Preparation and Handling Equipment. Four- 
teen steam-heated air-circulating driers feeding coal to 14 pul- 
verizing mills. Pulverized coal raised from mill to cyclone 
separator by No. 12 mill exhauster, one exhauster per mill. 
Exhausters driven by 60-h. p. a-c. motors. Mills driven by 100- 
h. p. a-c. motors. Coal from cyclone separators forwarded by 
four screw-conveyors running lengthwise of house to hopper over 
three 10 in. pulverized coal pumps. These pumps driven by 
60-h. p. a-c. motors. 

Pulverized Fuel Burning Equipment. Sixteen burners per 
boiler, eight on each end, fed by duplex feeders driven by two- 
h. p. adjustable-speed d-c. motors. Primary air for each boiler 
supplied by two 55-in. blowers driven by 30-h. p. variable speed 
d-c. motors. 

Boiler Furnaces. Air-cooled, refractory-wall type with eight 
burners at opposite ends. Distance,arch to hearth screen, 20 ft; 
distance between opposing rows of burners 29 ft; distance center 
line of burners to adjacent wall 214 ft.; distance between 
burners 2 ft. 4 in.; distance end burner to side wall 3 ft. 4 in.; 
inside width furnace 23 ft.; total volume from hearth screen to 
peak of furnace 25,140 eu. ft. 

Ash Handling. All ash collecting in furnace and in boiler 
passes, flues and economizer hoppers, is discharged to hydraulic 
sluiceway running longitudinally: in boiler house basement and 
is sluiced to settling basin. Material removed from settling 
basin by centrifugal dredge-type pump and used for filling on 
property. 

Economizers. Two, steel-tube economizers per boiler with 
9492 sq. ft. of surface per economizer. Tubes are plain, 2-in. 
tubes rolled into rectangular forged headers. 

Induced Draft Fans. One double-inlet, 193,000-cu. ft. per 
min., at 375 deg. fahr., induced draft fan per boiler, capable of 
producing maximum draft of 7.15 in. water at fan. Each fan 
driven by 350-h. p. adjustable-speed d-c. motor. Three fans 
serving one row of three boilers discharge through curved flues 
into single stack. 

Stacks. ‘One stack for every three boilers. Stacks have 
Venturi shape with inside diameter of 15 ft. 4% in. at throat and 
21 ft. at top. Top of stack is 192 ft. above burners. Stack 
is self-supporting steel, carried on building steel and is brick 
lined. 


Discussion 


H.R. Woodrow: The Brooklyn Edison generating plants are 
laid out for a different method of operation from that discussed by 
Mr. Hirshfeld. The three generating plants are operating con- 
tinuously in parallel with heavy tie lines between stations. One 
of these stations is 25-eyele and the other two 60-eycle and a 
35,000-kv-a. frequency changer ties the 25-cycle station to the 
60-cycle system. 

The base load of the entire system is carried on the most 
economical units in the most economical plant which is, at the 
present time, Hudson Avenue Station. It is intended that these 
stations should hold in step during the major number of troubles 
and sectionalizing reactors are very generally used to segregate 
the trouble and limit the value of the short-circuit current. 

For a detailed description of the Hudson Avenue plant and 
system connections of the Brooklyn Edison Company, I would 
refer to the April 1925 issue of the Electric Journal. 

In all cases second-line defenses are provided in the form of 
automatic switches segregating certain groups of feeders in case 
of the main feeder switch failing to operate and each feeder is 
provided with reactors and reactors are installed between sec- 
tions to maintain voltage for high continuity of service under 
disturbance conditions. 

The auxiliaries in the power house are all electrically driven 
with the exception of reserve boiler feed pumps and all auxiliaries 
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are provided in duplicate for the so-called essential duties, each 
half of which is supplied from different sources although tied 
together through reactors. 

F. A. Scheffler: [want to compliment Mr. Alex Dow on his 
wonderful “‘sticktoitiveness,’’ you might say, in adhering to the 
design of the type W Boiler that he selected about fifteen or 
twenty years ago to use in the Delray plant of the Detroit Edison 
Company. 

I had the opportunity and great pleasure of working out that 
design of boiler with Mr. Dow, and the results were eminently 
satisfactory in producing a type of boiler at that time which was 
four times the size of any other boiler in the country. I think 
Mr. Dow deserves a great deal of credit for introducing, in this 
country, the large unit type of boiler for public-service stations. 

He has continued to use that type in all of his other plants, 
and, today, I believe they have thirty-five to forty boilers of that 
type operating at from 300 per cent to 400 per cent of rating on 
peaks. 

H. W. Brooks: Many writers on combustion in the past 
have stressed the importance of turbulent flow, agitation and 
mixing in pulverized-fuel furnaces as an aid to the natural 
diffusivity of the burning gases upon which speed of combustion, 
length of flame travel and hence combustion volume depends. 
A practical means of accomplishing this mixing has heretofore 
remained undiscovered. 


Several years ago it occurred to one of the engineers of the Ful- 


‘ ler-Lehigh Company that one of the most intense manifestations 


in Nature of turbulent flow and agitation of gases and particles 
in suspension was in the tornado, where it had been repeatedly 
demonstrated that materials of considerable tensile strength had 
actually been torn apart, disintegrated and reduced to fine pieces 
and sometimes to powder by the intense centrifugal action of the 
air. Experiments were started at Fullerton on a small furnace 
18 in. square by 38 ft. deep in which the jets were placed to throw 
the flame tangent to a tornado of fire within the furnace, the flame 
of the first jet being deflected before it reached the refractory 
walls by the impingement with equal velocity at right angles of 
the flame from the second jet, the third jet again changing the 
direction 90 degrees, and the fourth jet completing the tornado 
within the pot. Fig. 1 shows in plan, the application both to the 
circular and the square-pot furnaces. 

It was well known that the external walls of the tornado of 
nature had been observed to be rather sharply defined from the 
surrounding air. Thus it was decided to adapt this principle by 
placing the pulverized fuel jets in such relation to the refractory 
walls that there was little, if any, impingement of the fuel tornado 
on the furnace walls. As was anticipated, therefore, the refrac- 
tory walls showed little damage due to erosion, and thermocouple 
temperatures taken on the inner refractory surface of the furnace 
showed that the inner face of the brick never exceeded 2700 to 
2900 deg. fahr. 

It has also long been recognized that the transmission of 
sensible heat from the hot gases from the furnace through the 
tubes of the boilers to the water on the other side was limited 
by the existence at the boundary surface of a “‘dead film,” 
generally assumed to be about 1/40 in. in thickness, of relatively 
cool gas in which convection currents apparently did not take 
place, and which owing to its low conductivity offered a high 
resistance to the passage of heat (other than radiant) through it. 
This ‘‘dead film”’ is the main and most potent obstacle to rapid 
heat transmission in the boiler, and it follows that its complete 
or even partial destruction will greatly assist the flow of heat and 
hence the efficiency of the boiler. Prof. J. T. Nicolson of the 
Manchester School of Technology demonstrated a formula 
proving that the heat transfer was a direct function of the velocity 
of molecular travel of gases passing the tubes. Thusit was antici- 
pated and tests subsequently proved that with the higher 
scouring action of the swirling gases in meeting the boiler tubes - 
there would not only be a higher rate of heat transfer and higher 
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boiler efficiency, but also a cleansing action which would keep the 
tubes clear of deposited ash. 

Early during the experiments the nature of the ignition and 
combustion taking place in the well, proved quite unlike anything 
experienced pulverized-fuel engineers had hitherto seen in 
powdered-coal combustion. The flame itself resembled that of a 
blow torch, virtually a “‘ball of fire,’ combustion apparently 
taking place in a limited zone within the well. By regulating 
air admission and air pressure it was possible to move the hottest 
zone into the well itself or to a point just in front of the well. 
Appreciating further the gains due to the more efficient transfer 
of heat by radiant energy as a result of this ‘‘ball of fire,’ the 
inventor had still further reason to expect efficiencies higher than 
had been before demonstrated in pulverized-fuel combustion, as 
well as a flatter over-all performance curve at high ratings. 

These experiments were kept secret for several years, until 
finally a few of the larger operators were shown the experimental 
furnace at Fullerton. Several immediately volunteered to 
install a furnace of the new type, but the results which indicated 
heat releases many times greater per cubic feet of combustion 
volume than had ever been accomplished before were so revo- 
lutionary in character that the company felt it best to withhold a 
commercial-seale installation until they had finally and 
thoroughly convinced themselves that no practical operating 
difficulties would intervene. 


Finally on February 5, 1924 an agreement was entered into 
with the United Electric Light and Power Company of New York 
City by which a commercial-scale experimental installation of the 
new furnace would be made at their Sherman Creek Station 
alongside five other boilers fired by the older pulverized-fuel 
firing methods. 

The operating company expressed the desire to make the tests 
entirely with their own personnel. Today it is understood these 
tests have been completed. Although full details cannot be 
made public we are permitted to state that the efficiencies have 
actually proved approximately 3 per cent higher than with any 
other method of firing, and the curve of efficiencies at various 
ratings has been much flatter than anything heretofore demon- 
strated. 

Fig. 2 shows one of the more recent applications of this furnace. 
It will be noted that above the well there is provided a dispersion 
chamber in which the hot gases after burning are allowed to 
expand before reaching the boiler tubes, thus reducing the tor- 
nado effect to a value which can cause no possible erosive effect 
on the boiler tubes. The theory of this chamber is to allow just 
sufficient velocity to scour off the ‘‘dead film’’ from the boiler 
tubes without going any further inattacking the tubes themselves. 
It is not possible to state at this time the minimum size to which 
this chamber may eventually be reduced. It has definitely been 
’ established, however, that the combined volume of well and dis- 
persion chamber ean be made substantially less than the com- 
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bustion space provided in the old-fashioned stoker setting. 
Knowing that we can convert present stoker-fired settings by 
this means, and attain the highest boiler ratings, we have at this 
time no oceasion to go further until the application is extended to 
other services, such as transportation and marine. Fig. 3 shows 
a plan of the water-cooled well as actually applied on the later 
designs. 

Simultaneous with the tests at New York, research has been 
continued at Fullerton on a furnace consisting of an 8-ft. cube. 
In this furnace the coal equivalent of a 1500-h. p. boiler at 632 
per cent of rating has been burned in the volume of an 8-ft. cube. 

It is felt that the ‘‘well-type”’ furnace is a demonstrated success 
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and that for the first time in the history of pulverized coal the 
problem of turbulent flow and hence the problem of combustion 
volume has been solved. Not only may pulverized coal be 
efficiently burned in combustion volumes as small as those pre- 
viously employed for stokers but actually smaller furnaces may be 
installed where necessary. For the first time, completely success- 
ful application of pulverized coal to transportation and marine 
service becomes possible, as does also the conversion of present 
stoker-fired furnaces to the advantages of pulverized coal without 
the necessity in many cases of more than slightly modifying the 
present furnace construction. 

H.R. Summerhayes: The voltage selected for the Trenton 
Channel Station is 120,000, and 132,000-volt apparatus has been 
used. That, we might say, iscommendable conservatism, but as 
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manufacturers, we think it is unnecessarily conservative. We 
have evidence from experience that the Institute tests are about 
right. We think the equipment would stand 132 kv. and if it is 
to be used at 120 kv. it would seem to us unnecessary to have so 
large a factor’of safety. On the Western Coast, we have used 
for 220-kv. circuits apparatus designed for high-potential tests 
corresponding to 187 kv., which has given good service. 

The next point that I want to comment on is along the lines 
Mr. Woodrow mentioned, namely, that the plants of Detroit 
system are tied together rather loosely, with weak linkage, 
whereas, it is the practise in other large systems to tie the plants 
together rather solidly, using reactors, and I am inclined to think 
that as the plans of the Detroit Company progress they may find 
it advantageous to have a tighter linkage and links capable of 
transferring more power. — 

The other point is the old question of direct-current auxiliaries 
and I suppose that will never be settled. It appears that means 
of obtaining direct current, perhaps, cost more and ‘auxiliary 
motors may cost more, but you do obtain very perfect control, 
and I think that the question has yet to be settled as to whether 
the perfection of the control obtained is worth the money it costs. 

K. M. Irwin: It is brought out in this paper that theDetroit 
Edison Co. ties its stations together loosely. This must mean 
that the Delray, Connors Creek and Trenton Channel plants 
take the loads of their particular districts, and therefore, the 
load factors of their particular districts. As the Trenton Chan- 
nel plant does not operate as a base-load plant, but operates on 
the load factor of its district, it must have been more difficult to 
justify the cost of equipment than it would have been if this plant 
had operated on the base of the load, and in that way had a higher 
load factor and a greater divisor to divide its investment costs. 

In the reasons given for the choice of pulverized coal, the 
statement is made that a reduced number of boilers could be 
used with pulverized coal than could have been used with a 
stoker installation. I wonder whether Mr. Hirshfeld has found 
that the limitations in boiler capacity are in the fuel-burning 
equipment. With the type of boiler adopted at Trenton Chan- 
nel, I would believe that the limitation would be found in the 
boilers and not in the fuel-burning equipment. Tests have been 
run on a stoker installation in which ratings have been obtained 
in the neighborhood of 500 per cent without serious falling-off 
in efficiency. I do not believe that these ratings could be ex- 
ceeded in Detroit even with pulverized coal. 

In the list of motors, the 2000-kw. house-generator sets have 
their auxiliaries a-c. driven, and the 4000-kw. d-c. house sets 
have their auxiliaries d-c. driven. It would be interesting to 
know the reasons for the changes of the current for the auxiliaries 
on these house sets. 

Louis Elliott: The recent putting into operation of the 
Philo and Crawford Avenue stations, with the low fuel consump- 
tion reported, makes of particular interest a decision such as that 
made for Trenton Channel,—to install 375-lb. turbines working 
on the regenerative cycle, as against a higher pressure plant 
designed for reheat. 

A recent estimate for a moderate-sized station indicated an 
excess cost for a 650/550-lb. reheat plant, as compared with 
425 /375-lb. of about 7 per cent. With a capacity factor of 60 
per cent annual, this additional investment would entail an in- 
ereased fixed charge around 0.3 mills perkw-hr. If it be assumed 
that the 550-lb. station would permit a saving in production cost 
equivalent to 10 per cent of the fuel cost, this saving with 10,000 
B. t. u. coal at about 1.1 mills per lb. in the pulverized bins would 
amount to between 0.15 and 0.2 mills per kw-hr. output. 

For this situation therefore the recommendation was made that 
425-lb. boilers be installed, with turbines good for 375 to 400 Ib. 
at the throttle. On the above basis coal would have to cost 
nearly double its present price in order to give an equivalent cost 
of energy for the two pressures. Different assumptions as to 
load factor, coal cost, or otherfactors would, of course, modify the 


. 


HIRSHFIELD: THE TRENTON CHANNEL PLANT 367 


result. In general an expensive high-efficiency installation 
should justify itself for the first few years of operation, for as the 
years go on the reduction in load factor will tend to counter- 
balance any increase in fuel cost. 

Aside from the estimated saving in combined fixed and pro- 
duction cost of energy, the lower-pressure equipment is more 
thoroughly developed and therefore probably more reliable, and 
the 375-lb. regenerative-cyele plant would be simpler to operate 
than the 550-lb. reheat station. The 375-lb. pressure is now 
standard, and it is uncertain as to what the next higher standard 
will beeome,—whether 550, 750 or higher. It is believed that in 
general there should be a considerable saving assured before 
newly developed equipment and designs are adopted. 

It would be of great interest if the author would give the 
expected economy in B.t.u. per kw-hr. output,—with fuel 
available and with load factor as anticipated. A statement also 
as to any estimate of comparative plant cost for the pressure 
adopted as against a 550-lb. reheat plant, and the estimated 
comparative economies would be of great value. 

C. F. Hirshfeld: When I spoke of pulverized fuel as being 
advantageous in that it would enable us to take advantage of 
variable qualities of coal, I didnot mean that we could use West 
Virginia coal one day and Illinois coal the next day. Buying as 
earefully as we know how with men who live in the coal fields, 
it is impossible for us to bring to Detroit one grade of coal. 

Some of the coal we get is poorer than the rest. Our stoker- 
fired plants in the past have proven very touchy with respect 
to the grade supplied. If we can get the grade of coal for 
which the plant was designed, it does very nicely. If we get 
a greater quantity of ash, we lose both in capacity and efficiency, 
and it was in that respect that we had considered variable quali- 
ties of coal in making this decision. 

Improvements in the manufacture of stokers since the time 
this decision was made (which is several years ago) have greatly 
extended the capabilities of the stoker in this direction. At 
least, some varieties of stoker are not now limited to the 
same extent as they then were. 

In connection with the use of d-c. auxiliaries, I stated quite 
flatly that it was a case of personal prejudice on the part of the 
engineers responsible for the designing of this plant. 

It may be of interest to you to know that the cost of obtaining 
our d-¢. auxiliary power, with the separately driven d-c. genera- 
tors, is practically the same as though we took a-c. power from our 
main units and converted it. There is, however, an advantage in 
our d-c. power supply not being tied to the operation or perform- 
ance of our main units. We admit that our investment charges 
are higher but we prefer our system nevertheless. 

With respect to Mr. Sheffler’s comment on boilers, we now have 
forty-four, varying in size from 1250 h.p. to approximately 
3000 h. p. boilers. He was not correct in his statement regarding 
the ratings at which those boilers are operated. The old stoker- 
fired boilers reached limitations at about 200 per cent in some 
eases and 250 per cent in others. The boilers at Trenton 
Channel Station, which are pulverized-fuel-fired have been 
driven to about 350-per cent of rating. In no ease in which the 
double-ended or Type W boiler was used has the limit been 
found in the boiler. 


Referring to Mr. Erwin’s discussion, the matter is something 
like this: There is no question but that you could get a stoker to 
give ratings equally as high or higher than obtained in Trenton 
Channel Station. Parenthetically, it is also true that we could 
drive the ratings at Trenton Channel very much higher than those 
obtained. As we saw the problem at the time we designed this 
plant, the rating to which a stoker-fired boiler could be driven 
was dependent only upon the grate area or the area of the stoker 
and the ability to maintain the furnace wall. | 

However, we do not believe and we have not yet seen any 
proof that a stoker can be built which is capable of driving a 
boiler to ratings in the neighborhood of 400 per cent or higher, 
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which will give a reasonably high efficiency at those ratings and 
maintain a reasonable efficiency at very much lower ratings. 
In other words, you sacrifice considerably in what you might call 
the combination of flexibility and efficiency when you attempt 
to get a stoker-fired equipment to carry over a wide range of 
rating. Ido not know if the stoker manufacturer is going to be 
able to remove that limitation or not. So far as I have been 
able to obtain proof he has not yet done so. 

Mr. Elliott asked about the performance of this station. 
The station was designed to give a net kilowatt hour, that is a 
kilowatt hour of output, for about 16,000 B. t. u. when operating 
with an annual load factor of the order of 50 per cent. The 
station has now been in operation, in one way or another, for 
something over six months, possibly eight months, and the 
performance has been improving monthly. Some weekly figures 
have already dropped below 16,000 B. t. u., the value which we 
assumed when we designed the station. We are not able to 
say whether those figures are correct, but the figures that we are 
willing to give you hit close to the 16,000 B. t. u., which was the 
design point and we may do better. 

The cost of preparing pulverized coal is always one of the 
contentious points. I have here the figures for three months, 
January, February and March, the March figures being incom- 
plete. In these figures, we have included every item of operating 
cost for coal handling and preparation from the time when the 
coal finds itself in the track hopper and until it finds itself in the 
pulverized-fuel bunker, ready to be fired into the boiler furnace. 
We have included all labor costs, both operating and mainte- 
nance. We have included all power, we have included all steam, 
both the steam used in drying the coal and the steam used for 
heating the preparation house and you will notice that this was 
during the two severe months of the year. We have included all 
operating material and all maintenance material. The figure 
runs at approximately 30 ¢., pulverized, during January and 
February. In January, it was 29.i4c. In February, it was 
_ 30.36¢e.—the increase in February being due to the fact that 
maintenance was quite a bit heavier in that month than the 
preceding month. 

To make these figures of real significance, I should say this: 
They are obtained from a plant which is using small pulverizing 
mills, nominally six-ton mills. They are obtained on a prepara- 
tion house which is designed to handle exactly twice the amount 
of material that is now being handled. The labor used will be 
the same when handling twice the material as it is now. The 
maintenance will, of course, goup. As near as we Gan estimate, 
if this plant were used to capacity and all the charges were made 
as they have been outlined, the figure for preparation would be a 
little under 22¢. per ton. In charging steam and in charging power 
in these figures, we have used cost of steam and cost of power as 
actually shown on our books for steam sent out from the boiler 
room to the turbine room, and for power sent out over the lines 
to our customers, so that we haven’t either overloaded or under- 
loaded those items. 


With respect to Mr. Woodrow’s and Mr. Hays’ discussions, 
in which they refer to our, let us say, loosely linked system, I 
believe that we may ultimately come to a more tightly linked 
system. We have followed the other method principally for 
three reasons. In the first place, it fitted our conditions ideally. 
In the second place, we were fairly sure that it would work, and 
experience has shown that it does work moderately well. Third, 
we did not like to contemplate the cost of reactors and places in 
which to place them and all the trimmings that go with them. 


I believe it was Mr. Erwin who worked around from that 
loosely linked system to the conclusion that our Trenton Channel 
plant, which is our most efficient, could not be used to the best 
advantage. Toa certain extent, that is true, but only to a very 
limited extent. Immediately adjacent the Connors Plant and 
the Delray Plant there is sufficient load to load the plant prop- 
erly. Trenton Channel can obtain quite enough load to operate 
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as near base load conditions as we care to approach by supplying 
the so-called down-river industrial load, that part of the indus- 
trial load that it can pick off from the Western side of the City 
of Detroit, such load, very largely industrial, which can be ob- 
tained in the outlying district, combined with such industrial 
load as can be obtained through feeding back into the city from 
the 120-kv. bus or trunk referred to in. the paper. So our 
loose linkage has very little effect on our efficiency. On the 
other hand, it is not the policy of our company to load up its new 
plants at the expense of its older plants. It pays us, or at least it 
has paid usin the past to go acertain distance in that direction {but 
not as great a distance as has been proven advisable in other cases. 

As Mr. Brooks, was describing his new furnace, it passed 
through my mind that if one could use a small furnace but had 
to add to it a large mixing chamber, it did not make a lot of 
difference since you ultimately used the same number of cubic 
feet as you do with the older designs. I can’t see that there is 
much ehoice. Mr. Brooks rather implied that one could do away 
with that mixing chamber if forced to do so, but I am wondering 
if that furnace were brought too close to the boiler tubes, whether 
you would not carry up so much fused ash as to put the equip- 
ment out of commission very quickly. I do not believe the 
manufacturer has had sufficient experience with the device to be 
able to answer that question. I followed the tests at Sherman 
Creek very closely, but they were not planned in such a way that 
that question could be answered by them. 

Mr. Woodrow’s discussion reverts to tight linkage as against 
loose linkage. He refers to safety devices intended to function 
serially. No matter how you plan you may never be sure 
that this thing or that thing will really work. On that account we 
have preferred to cut out all such trimmings and limit ourselves 
to loose ties which would break loose or burn themselves up. 

Mr. Erwin asked me why we used a-c. auxiliaries on the a-c. 
house-service machines. That is due to another one of our 
“‘thobbies.”” If we have steam, we can start the a-c. machine 
and with the a-c. machine we can start everything else. We 
felt that if we faced a situation in which we wanted to start that 
little house-service unit in a hurry, we wanted to start with the 
minimum of manipulation. The a-c. driven auxiliaries are so 
connected that they come up with the machine and we feel that 
this is the simplest starting scheme we could get. That is why 
we used the a-c. driven auxiliaries with the a-c. house-service 
units. It is not the first time we have used that scheme and it 
has worked very well in all cases so far. 

With respect to deaeration, we have used in this plant steel- 
tube converters. The natural conclusion would be that we 
should be very careful not to have any more than the minimum 
feasible oxygen content in the water. Our experience in Detroit 
has been that our water is of such a character that we can stand 
more oxygen than is commonly given as the maximum limit 
consistent with reasonable life of steel tubes. Our experience 
with steel tubes at the old Delray plants leads us to believe what 
I have stated. 


The system at Trenton is built so that there is a surge tank. 
The surge tank is arranged so that it ean be sealed with steam 
if necessary, but it is not so sealed now. The water passes into 
the condensers where it is reasonably well deaerated, although 
we have not provided separate deaerating devices. It is too 
early to say whether this system works or not. Four or five years 
hence we will be able to tell if it doesn’t work. 


With respect to the pressure on the suction of the boiler-feed 
pumps; when we purchased these pumps, we had all the character- 
istic curves modified until we got what appeared to be a combined 
pump unit, which would be safe against flashing at the boiler- 
feed pump suction. Up to date, we have had no trouble from 
that source. We have had a little trouble due to hammering 
of the hot-well pump. The reason for that is that the pump does 
not have a sufficient head of water above it. We are now at- 
tempting to rectify that and expect to succeed in doing so. 


Use of Frequency Changers For Interconnection 
of Power Systems 
BY H. R. WOODROW: 


Fellow, A. I. E. E. 


OLLOWING an extensive study into the cost of 
power as delivered to the customer, the Brooklyn 
Edison Company adopted the policy of supplying 

all the increase in business at 60-cycle alternating-cur- 
rent and curtailing the direct-current load within the 
capacity of the existing substations. With the 25- 
cycle generation confined primarily to the supply of 
power to the direct-current system all new prime movers 
are being installed with 60-cycle generators. The 25- 
cycle system is therefore left in a position of barely 
holding its own. 

The new 60-cycle developments being considerably 
more economical than the old 25-cycle, there is a large 
economy factor in carrying the maximum amount of 
the combined system load on the 60-cycle generators. 
The installation of frequency changers between the 25- 
and 60-cycle systems made it possible to carry the base 
load of the 25-cycle system on the new 60-cycle develop- 
ments and in addition thereto made it possible to pool 
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the reverses on the two systems thereby giving greater. 


utilization and availability of the generating capacity. 

In Fig. 1 is shown the load-duration curve of the 25- 
cycle system with amount of load convertible to the 60- 
cycle prime movers by the installation of first, one 
35,000-kv-a. frequency changer; and second, two 
35,000-kv-a. frequency changers. The area in the first 
block represents 160,000,000 kw-hr. per year with a unit 
cost saving, which for this feature alone, more than 
pays for the carrying charges and losses of the first 
frequency changer installation. 

The 25-cycle generating capacity amounts to 125,000 
kw. with a possible peak load of 85,000 kw. and in 
addition there is available 15,000 to 20,000 kw. in 
25-cycle tie capacity with other companies. The 
installation of the first frequency changer added 30,000 
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kw. in reserve generating capacity to the 60-cycle sys- 
tem, and the second unit would add an additional 
25,000 to 30,000 kw. This 50,000 to 60,000 kw. of 
reserve made available to the 60-cycle system is of con- 
siderable value with the new 60-cycle generating 
developments using 50,000-kw. units. This feature 
alone can easily be said to more than justify the cost 
of the first frequency changers since the completed 
installation costs less than $20.00 per kw. while genera- 
ting station capacity costs upwards of $100.00 per kw., 
and there was a deficit in 60-cycle generating capacity 
in 1923. 

The frequency changers are of additional value in 
providing reserve to the 25-cycle plant for a case of 
unusually bad luck of machine outages in the station. 

The metropolitan companies have for a number of 
years followed the policy of operating at all times with 
sufficient generating capacity to be capable of carrying 
the load should the largest generator be dropped from 
the system. It is, therefore, evident that the con- 
tinuous parallel operation of the 25- and 60-cycle plants 
saves the operation of one turbo-generator unit. This 
permits an economical loading on the units and espe- 
cially at light load period effects a real saving in pro- 
duction cost. 

The installation of the second frequency changer 
would make it possible to shut down the 25-cycle station 
for one watch or nearly 3000 hours a year. 

The interconnection of systems through frequency 
changers is of the same general character with similar 
problems and possible economies as inter-connection of 
systems through tie lines. The total savings under 
either condition run into large figures if all concerned 
cooperate in the operation of the more economical 
units for base load and shut down the plants and units 
of less efficiency for use only on peak. 

Where two or more companies are concerned in the 
interconnection, the rate for interchanged power com- 
plicates the situation, and it is essential than an equi- 
table rate be established in order to allow operation for 
maximum economy. 

It may be unnecessary to say that the only way to - 
use interconnecting tie lines for obtaining the maximum 
over-all economies is to operate at all times with the 
systems in parallel. This allows full advantage to be 
taken of the three separate points previously mentioned, 
namely: 

1. Greatest utilization of the most economical plants 
and units. 

2. Maxumum availability of spare capacity. 
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3. Reduction in number and amount of idle or 
lightly loaded turbo-generator units at all times. 

The parallel operation of large systems through 
frequency changers or tie lines necessitates that these 
ties have the proper characteristics to hold the systems 
in step for the major number of operating disturbances. 
It may not be possible, or even desirable, to hold the 
systems in step during all disturbances, but it must be a 
rare case when they are allowed to fall out of step and 
provisions must be made for the systems to break apart 
through automatic oil circuit breakers on these rare 
occasions. Although the Brooklyn Edison Company 
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had a number of smaller frequency changers in opera- 
tion, converting from 25- to 6214-cycles they were dis- 
carded for the larger more efficient unit which would 
permit parallel operation. 

The character of the normal fluctuations of load or 
disturbances is, therefore, the determining feature of 
the characteristics of the ties. The loads on both the 
25- and 60-cycle systems of the Brooklyn Edison Com- 
pany are of a rather steady character and the maximum 


Relays 
(Differential) _(Over-current) 
SO @< 


Relay (Balanced) 


To 27600 Volt 
60 Cycle Bus 


Ere — | 
| Auto-Transformer 


(al 


60 Cycle Motor 


25 Cycle Generator 


Fic. 3—ReEtways ror InpucTION Typr Motor SHOWN FOR ONE- 
PuHase ONty, THE OTHER Two PuHases Brrinc THE SAME 


amount of load which can be thrown from one system 
to the other may be considered as the capacity of the 
largest 25-cycle unit. This condition may occur were 
this unit to be automatically tripped from the system, 
and, as previously stated, this operation.is considered a 
normal function in the metropolitan territory, and, 
therefore, the two systems should remain in step under 
these conditions. 
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When a sudden load is thrown from one system A 
to another system B, there is necessarily brought about 
a reduction in the speed of system A to give the 
phase-angle displacement for transfer of power. It 
therefore follows, that at the instant when the phase- 
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angle is reached for the transfer of this amount of power 
the speed of system A is lower than system B and 
overshoots the mark. For purely elastic systems, 
this would require a maximum power transfer of double 
this value when the oscillations are not accompanied 
by an impetus at each swing, such as caused by improper 
governor operation. Tie connections having a maxi- 
mum synchronizing capacity of double the permissible 
fluctuation of load should hold the systems in stable 
operation. Under usual conditions the load on each 
system provides a dampening characteristic which makes 
the factor two a rather safe figure to use. . 

The largest generator on the 25-cycle system of the 
Brooklyn Edison Company is 30,000 kw. and therefore, 
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a frequency changer having a pull-out point above 
60,000 kw. was chosen. The 35,000 kw. unit selected 
has a pull-out point of a little over 70,000 kw. and al- 
though a number of system disturbances have occurred 
while the systems were in parallel through this unit, the 
two systems have never pulled apart. These disturb- 
ances have at times reduced the voltage and as the 
synchronizing power is a function approaching the 
square of the line voltage, the synchronizing power at 
such times was reduced considerably below 70,000 kw. 
In one case, a direct 3-phase short occurred on the 25- 
cycle generating station bus with three generators and 
the frequency changer operating, and although two of 
the turbine tripped off, the frequency changer and 
the other generator held in and carried the entire load. 
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The fluctuation in load through the frequency changer 
very seldom reaches more than 5000 kilowatts, and in 
Fig. 2 is shown a typical record of a graphic kilowatt 
meter in this tie connection. 

A one line diagram showing the relay connections on 
this 35,000-kv-a. frequency changer is given in Fig. 3. 
The balanced and differential relays are for the pro- 
tection of the system and the frequency changer in case 
of short circuits within the machine. The overload 
relay is for the purpose of automatically tripping out the 
tie connecting oil circuit breaker in case the two systems 
fall out of step and the relay is set for sufficient current 
and time to accomplish this result without tripping out 
on momentary short circuits. 

The synchronous-synchronous type of frequency con- 
verter was selected as, for our purpose, it gave the 
following advantages: 

Greater flexibility in voltage control on either system. 


Elimination of voltage disturbances passing from 
one system to the other under short circuit conditions. 
With somewhat different operating conditions some 
engineers have felt the electrical tie is an asset under 
disturbance condition so that a voltage dip will be re- 
flected from one system to the other. 


Slightly higher guaranteed efficiency. 


The efficiency of the first 35,000-kv-a. unit exceeded 
the guarantees throughout the full range of operation 
with the results as shown on Fig. 4. 


Amortisseur windings are provided on the60-cycle end 
for starting with quarter voltage tap on the transformer 
whereas the unit when started from the 25-cycle end is 
connected directly to a turbine with both units started 
from standstill. In Fig. 5 is shown the current, voltage 
and kilowatts at the time of starting the frequency 
changer from the 60-cycle end. The ease with which 
this machine comes up to full speed is rather remarkable 
and you will note in the curve at the various points the 
speed relations of the revolving field with the rotating 
armature flux as it passes the critical points. 


Discussion 


R. W. Wieseman: [ should like to ask Mr. Woodrow about 
the pull-out torque of this frequeney-converter set; this is given 
as a little over 70,000 kw., or over twice the normal torque 
of the set. Is this pull-out torque the actual synchronous 
torque which the set can furnish for an appreciable time or is it 
the momentary torque of this set which includes the inertia 
torque of the rotors? The inertia torque is useful in a synehro- 
nous motor for a small fraction of a second only. The energy 
stored in the rotors of this frequeney-converter set could furnish 
over twenty times normal load for but a few cycles. However, 
the limiting feature of the power output of the set is the ability of 
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the generator to transmit power to its system. The power 
output of the generator, for a fraction of a second, is limited by 
the leakage impedance and not by the synchronous impedance 
because the generator magnetic flux can not change quickly and 
therefore it cannot be influenced by the opposing armature 
magnetomotive force. Thus, only two or three times normal 
load can be delivered by the generator for a small fraction of a 
second. 

Therefore, to say that a frequency-converter set has a high 
pull-out torque without fully explaining the conditions, is mis- 
leading. The rational basis upon which synchronous ma- 
chines can be compared is the constant or steady-state overload 
for an appreciable time, such as thirty seconds. Unity-power- 
factor machines of this type are usually designed with a short- 
circuit ration of unity and, consequently, the trwe synchronous 
pull-out torque is only 150 per cent of the normal torque. 

Mr. Woodrow states that the synchronizing power is a fune- 
tion approaching the square of the voltage. In any simple 
circuit with constant impedance the power varies exactly as the 
square of the voltage. Two duplicate generators operating in 
parallel through a transmission line have a synchronizing power 
which also varies as the square of the line voltage assuming that 
both generators have approximately the same voltage. With a 
frequeney-converter set operating between two systems the 
capacities of which are much greater than the capacity of the 
set, the maximum power that can be transferred varies approxi- 
mately as the first power of the line voltage because, Maximum 
instantaneous power = (line voltage X machine virtual voltage) 
+ (transient impedance) or Maximum steady-state power = 
(line voltage X machine nominal voltage) + (synchronous 
impedance). Since the virtual voltage (flux) or the nominal 
voltage (excitation) are constant, respectively, the maximum 
power varies approximately as the first power of the line voltage. 

It follows that a frequency-converter set which has a steady- 
state maximum power of only 50 per cent above normal can 
earry 100 per cent overloads with a reasonable drop in line 
voltage for a small fraction of a second. 

H. R. Woodrow: The 35,000-kv-a. frequency changer has a 
pull-out point of 70,000 kw. for the first few cycles covering the 
first oscillatory swing of surging between the systems. The 
sustained pull-out point is about 55,000 kw.; that is, after the 
magnetizing action of the motor field comes into play. 

The equation for maximum instantaneous power given by 
Mr. Wieseman is approximately correct where the resistance of 
the circuits is small compared with the reactance and when his 
term ‘‘transient impedance”’ represents self inductive reactance 
and resistance and ‘‘machine virtual voltage,’ the generated 
voltage in the motor. The maximum steady-state power is 
represented by exactly the same formula, but Mr. Wieseman has 
used an imaginary expression, “machine nominal voltage’’ 
which represents the motor generated voltage multiplied by the 
ratio of another imaginary term synchronous impedance and real 
impedance. 

Under normal operations the real impedance drop through the 
machine is small and therefore the voltage generated in the motor 
is approximately the same as the line voltage and therefore the 
maximum instantaneous power is equal to the line voltage 
squared, divided by the real impedance. 

The exact expression for maximum instantaneous power be- 
tween two synchronous machines having the same generated 
voltage is 

V?/Z X (1— R/Z) where V = voltage, Z = 
R = resistance. 


impedance and 


Eight Years Experience with Protective Reactors 


BY JAMES LYMAN: 


Fellow, A. I. E. E. 


Synopsis:—In 1914 the authors presented before the Institute 
two analytical papers on Protective Reactors. During 1917, 1918 
and 1919 three large power stations embodying what seemed to be 
the best system of bus and feeder reactors were placed in operation. 
The present paper gives brief accounts of sixteen accidents on the busses 
or feeders of these power stations. In each case the reactors effec- 
tually kept the power concentration within such limits that the damage 
was localized, and no troubles were experienced from mechanical 
displacement of conductors and insulators elsewhere. 


N February, 1914, the authors presented before the 
A. I. E. E. a paper entitled ‘‘Protective Reactances 
in Large Power Stations.”’ In October of the same 

year they presented a second paper entitled ‘“‘Protective 
Reactances for Feeder Circuits of Large City Power 
Systems.’ These studies were made for the purpose 
of determining the best reactor system for two large 
steam power stations on which preliminary design 
studies were then being made. 

In the second paper it was shown by a series of 

curves? (Curve Sheet No. 6) that after a certain number 
of generators are connected to a ring bus, with reactors 
between adjacent generators, the number may then be 
increased to infinity without appreciably increasing the 
amount of current flowing into a short circuit on the bus. 
Based on the reactance values of generators and bus 
bar reactors which at that time seemed most desirable 
and which experience has changed but little, the follow- 
ing figures derived from the curves? will be of interest: 


1. After three generators are installed, the number of genera- 
tors can be increased to infinity without increasing by more than 
50 per cent the amount of current that can flow into a short cir- 
cuit on the bus. 

2. With an infinite number of generators, the maximum 
amount of current that can flow into a short circuit on the bus is 
about 3% times the short-circuit current.than can be obtained 
from a single generator. 


The system of connections finally adopted was a 
ring bus with five per cent bus reactors between adja- 
cent units, based on turbo-generator units of the order 
of 25,000 kw. to 30,000 kw. at 0.8 power-factor, and a 
radial system of feeders with three per cent feeder react- 
ors, based on feeders of 6000 kv-a. to 7500 kv-a. at 11 
kv. to 13.2 kv. The bus reactors are shunted by oil 
circuit breakers which are so controlled that when one 
or more generators are disconnected from the bus, the 
corresponding set of adjacent bus reactors is automat- 
ically shunted, thereby preventing more than one set of 
bus reactors from being in circuit between any two ad- 

1. All of Sargent and Lundy, Inc., Chicago. 

2. These curves give current values which correspond 
approximately to the 0.1 sec. values on the latest decrement 
curves. 
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In concluding, the authors state that their experience with reactors 
leads them to believe that short circuits in the largest power stations 
can be so controlled by a properly designed system of reactors that 
their destructive effects will be confined to the immediate vicinity of 
the arc, and that it will be possible so to tie together power stations 
and power systems of any magnitude that a short circuit will be of 
merely local significance and will not jeopardize the service of other 
parts of the system. 


jacent running generators. This. scheme of connections 
with eight generators in service is shown diagram- 
matically in Fig. 1. In Fig. 2 and Fig. 3 are shown the 
connections when but one-half the generators are in 
service. This system of connections limits the flow of 
current into a short circuit on a generator or on any sec- 
tion of the bus after a lapse of 0.1 sec. to a value of ap- 


1—ScHEME OF CONNECTIONS—ALL GENERATORS IN 
SERVICE 


Fig. 


proximately 750,000 kv-a. The flow of current into a 
feeder short circuit is limited to a value of approxi- 
mately 250,000 kv-a. 

It is the object of this paper to recount some of the 
actual operating experiences in power stations where 
this reactor system has been in service for several years. 

In 1916 construction work was started on the 
Windsor (West Virginia) Power Station of the American 
Gas & Electric Company and the West Penn Power 
Company. ‘This station was placed in operation during 
1917 with one 30,000-kv-a. turbo-generator. The 
following table shows its growth: . 

Year Units Started Operation Total kv-a. Capacity 


30,000-kv-a. 


1917 One—30,000-kv-a. 

1918 One—30,000-kv-a. 60,000-kv-a. 
1919 Two—33,333-kv-a. 126,666-kv-a. 
1923 Two—33,333-kv-a. 193 ,333-ky-a. 


During the years that this station has been in opera- 
tion, there have been several short circuits of sufficient 
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severity to test the effectiveness of this scheme of react- 
ors, and to demonstrate its ability to keep down the 
flow of short circuit current to a value well within the 
interrupting capacity of moderately heavy duty oil 
circuit breakers and to localize the damage to the im- 
mediate vicinity of the arc. Below are given brief 
narratives of several of these short circuits: 


1. On August 15, 1919, with three generators running, an 
employe accidentally placed a ladder against a high tension lead 


Fig. 2—ScHEME oF CONNECTIONS—GENERATORS Nos. 2, 4, 
6 anp 7 SHutT Down 


in the 66-kv. switchyard. The circuit breaker on the low-tension 
side of the transformer bank, feeding these bus bars, tripped and 
cleared the trouble. A few minutes later the low-tension breaker 
was again closed. Immediately a quantity of oil squirted out 
of one of the transformers between the tank and cover. The 11- 
ky. cireuit breaker again tripped out and cleared the circuit. An 
examination of the damaged transformer, which was one unit of 
a 20,000-kv-a. bank, showed that the lower turns of the 11-kv. 
coils were badly damaged both by burning and by the destructive 
forces of heavy currents. The high-tension coils, although un- 


Fic. 3—Simpuirizp Diacram or CoNNECTIONS—GENERATORS 
Nos. 2, 4, 6 anp 7 Sout Down 


damaged, were somewhat displaced. The total damage was 
confined to the one transformer. 

2. On May 17, 1922, with four generators running, one of five 
3-conductor 500,000-cir. mils 11-kv. cables, feeding a 30,000- 
kv-a., 132-kv. transformer bank, failed under emergency over- 
load, taking with it several of the adjacent cables. The 11-kv. 
circuit breaker cleared the trouble from the bus. The following 
morning a cable on a duplicate transformer bank of the same 
eapacity and voltage failed in a similar manner. In this case 
also the 11-kv. oil circuit breaker cleared the trouble from the bus 
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bars. These cables were connected directly to the 11-kv. bus 
bars without series reactors. In neither case did the damage 
extend beyond the cables and their enclosing conduits. 

3. On September 1, 1922, lightning broke down a bushing 
on one of the 66-kyv. oil circuit breakers, causing failure to ground. 
The overload relay on the 11-kv. side operated properly, but the 
tripping relay on the 11-kv. oil circuit breaker was out of adjust- 
ment and failed to operate. Four generators were connected to 
the bus at the time, and the flow of current was sufficient to burn 
out the windings of two transformers of a 20,000-kv-a. bank feed- 
ing the 66-kv. bus. The pressure inside of the tanks was so great 
that the manhole covers were blown off in quick succession, and 
each transformer sent up a column of flaming oil higher than the 
stacks of the power-station building. It was several minutes 
before the switchboard operators discovered the location of the 
trouble and cleared the transformer bank from the bus, and some 
time before the oil fire in and around the transformers could be 
extinguished. Here again, the damage was limited to the two 
transformers and the area over which the flaming oil had spread. 

4. On November 13, 1923, there occurred the most serious 
electrical trouble which had developed since the station was 
placed in operation. With all six generators and a seventh du- 
plicate machine operating as a synchronous condenser,—a total 
of 223 ,333-kv-a., connected to the bus,—an are was started by 
the breakdown of an insulator. The subsequent arcs and flames 
established a short circuit between the three phases of the main 
11-kvy. bus. More than a minute elapsed before the switchboard 
operators located the trouble and killed the power-station bus. 
A subsequent examination showed that the damage was confined 
entirely to the short section of bus across which the are had 
played. A lighting fixture on the ceiling of the room directly 
above the arcing bus was not damaged; neither was the reserve 
bus structure which was separated from the main structure by an 
aisle space of eight feet. The circuits were, accordingly, trans- 
ferred to the reserve bus and service was resumed within 
48 min. 

The West End Power Station of the Union Gas & 
Electric Company of Cincinnati was placed in operation 
in 1918, with two 30,000-kw. (31,250-kv-a.) turbo- 
generator units. In 1920, a third unit, and in 1921, a 
fourth unit of the same capacity were placed in service 
making a total present capacity of 120,000 kw. (125,000 
kv.a). 

All faults on West End Power Station have occurred 
on the feeders beyond the feeder reactors. Thus, the 
maximum fault kv-a. has been limited, in all cases, by 
the feeder reactors which are rated at 0.76 ohm on a 
basis of 18.2 kv. (three per cent on 300-amperes). 
Three of the most severe faults are listed below. 

1. OnJuly 18, 1921, at 11:42 a. m., a three-phase short circuit 
developed in a 400,000-cir. mil cable approximately 114 miles from 
West End Power Station. At the time, there were two genera- 
tors running with a total load of 45,000 kw., and two bus reactors 
in service. ‘The feeder-oil circuit breaker opened to clear the 
fault without signs of any great disturbance on the rest of the - 
system..- 

2. On December 15, 1923, a short circuit developed in a 
400,000-cir. mil cable approximately 144 mile from West End 
Power Station. There were three generators running at the 
time and three bus reactors were in service. The fault current 
was 6000 amperes in each phase, and was broken by the 
opening of the feeder-oil circuit breaker. However, there was a 
sufficient force developed between two of one set of feeder react- 
ors to pull them together with a resultant breaking of the 
conerete side slabs. These reactors were spaced horizontally 
one foot apart and were not fastened to the floor. The voltage 
on the directly affected section of bus was maintained at 70 per 
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cent of normal, and the rest of the system did not suffer any 
serious disturbance. 

3. The most severe fault that the system has suffered oc- 
eurred on October 31, 1924, at9:57a.m. This was a three-phase 
short circuit on two adjacent 400,000-cir. mil cables at a point 
where they changed from underground eables to overhead open 
lines. At the time there were four generators running and four 
bus reactors were in service. The two cables were connected 
to different sections of the bus, so that two of the generators were 
connected directly to the faulty cables without interposing bus 
reactors. The fault current was 4300 amperes per phase in each 
cable (8600 amperes from the system). The bus voltage dropped 
to 77.5 per cent of normal. One hurling pump motor which was 
connected to the same section of bus as one of the faulty cables, 
was tripped out by an undervoltage relay. No other auxiliary 
motors were affected. The relays operated correctly to open the 
oil circuit breakers on the two faulty cables. 


In 1925, Miami Fort Power Station, with an initial 
installation of two 38,000-kw. (44,705-kv-a.) turbo- 
generators will go into service about twenty miles west 
of West End Power Station. This station will have the 
same system of bus and feeder reactors that has worked 
out so successfully at West End Power Station. 

In the winter of 1919-1920 the Northeast Power 
Station of the Kansas City (Missouri) Power & Light 
Company was placed in operation with two 20,000-kw. 
(25,000-kv-a.) turbo-generator units. The following 
table shows the growth by years of this station: 


1919—One 20,000-kw. 25,000-kv-a. 
1920—Two 20,000-kw. 25,000-kv-a. 
1922—One 30,000-kw. 37,500-kv-a. 
1925—One 30,000-kw. 37,500-kv-a. 


Total present capacity 120,000 kw. (150,000-kv-a.) 


The Northeast Power Station is located northeast 
of the main business district of Kansas City on the low 
bottom lands which border the Missouri River. As 
there was initially no practical way of carrying under- 
ground cables in ducts across these bottoms, the 13.2- 
ky. outgoing feeders were carried a distance of one-half 
to one mile on pole lines with conductors supported on 
25-kyv. porcelain insulators. Lightning is particularly 
severe in this district and although the circuits, where 
they changed from overhead to underground construc- 
tion, were all protected by oxide-film lightning arresters 
and some of them also had lightning arresters at the 
power station end, there were, during the five years from 
1920 to 1924 inclusive, a total of six cases where light- 
ning entered the power station over these circuits and 
damaged equipment in the building. There was also 
one case of a cable breakdown near the feeder exit bush- 
ing and another case where an operator pulled a wrong 
disconnecting switch near the exit bushing, both of 
which resulted in practically the same kind and amount 
of damage as that caused by the lightning. 


In the majority of these cases the damage consisted 
of the breakdown of one or more current transformers 
followed by an are which burned one or more feeder 
reactors and destroyed some of the disconnecting 
switches, primary and secondary wiring, insulating sup- 
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ports and compartment doors. Each of these cases of 
trouble caused the temporary loss of a feeder circuit and 
was accompanied by a momentary drop in voltage. In 
not one of the eight cases, however, did any of the 
auxiliary motors drop out of step. 


This power station has also had one case of trouble 
in which the bus bars were directly involved. On 
August 4, 1922, during a period of construction work, an 
operator carelessly closed a disconnecting switch on a 
grounded oil circuit breaker which grounded the C- 
phase of the main bus bars. Three 20,000-kw. units 
were in service at the time, and the neutral of No. 3 
unit was grounded through a 3-ohm resistor. | 


When the accident occurred, generator No. 3 was 
tripped out by its balanced relays. The operator then 
tripped off generators Nos. 1 and 2 thereby shutting 
down the entire system. A subsequent examination 
disclosed the following damage: The disconnecting 
switch, with which the operator established the ground, 
was burned up. The neutral resistor developed a 
ground and shunted out 5/7 of the resistance, permitting 
a current flow calculated at 8800 amperes as against a 
flow of 2500 amperes had all the resistance been in 
circuit. This excess current burned out and open- 
circuited that part of the resistor remaining in circuit. 
Two jumper connections between coils on the C phase 
of unit No. 3 burned open. Within 12 minutes the 
station was again in operation, and within 30 minutes 
the load was back to normal. 

At no time inarty one of the three Power Stations, even 
under the worst of short-circuit conditions, has there been 
any trouble experienced from the shifting of cables and 
bus bars, or the breaking of bus bar and insulator sup- 
ports by the mechanical forces which are usually charac- 
teristic of a heavy flow of uncontrolled short-circuit 
current. 


Based on the experience given. above, the authors 
feel that short circuits in the largest power stations can 
be so controlled by a properly designed system of bus 
reactors that their destructive effects will be confined to 
the immediate vicinity of the arc. There will be some 
disturbance in voltage beyond the bus reactors, but in 
only the most severe cases will this be of sufficient magni- 
tude to cause auxiliary motors to drop out of step. 
Furthermore, they feel that with properly chosen react- 
ors, it will be possible to tie together power stations 
and power systems of any magnitude so that a short 
circuit will be of merely local significance, and will not 
jeopardize the service of the other parts of the 
system. 

For assistance in compiling the information on short 
circuits, the authors are indebted to E. H. McFarland 
of the American Gas & Electric Company, Windsor, 
West Virginia, C. W. DeForest of the Union Gas & 
Electric Company, Cincinnati, Ohio, and Edwin Jowett 
of the Kansas City Power & Light Company, Kansas 
City, Missouri. 
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Discussion 


J. Lyman: To obtain the minimum concentration of power 
is an everpresent problem in the design of large power stations, 
substations, and distribution systems. A circuit breaker must 
be built, capable of opening its cireuit, under any short-circuit 
conditions, but more serious than the problem of designing ade- 
quate circuit breakers are the electrical and mechanical shocks 
that may be transmitted to the entire electrical system from a 
modern bulk-power station, or to a power distribution and trans- 
mission system, tying-in several such great stations. At least 
0.3 see. elapses before a circuit breaker can operate. During 
this time the full force of the shock is imparted to the entire 
system. 


As the units of power to be controlled are continually increas- 
ing, the design of circuit breakers capable of controlling them is 
becoming more and more important. The combination of cur- 
rent-limiting reactors with the circuit breakers in such a way that 
a minimum concentration of power is secured without materially 
affecting voltage regulation should, therefore, be the aim in the 
design of power stations and distribution systems. Thus elec- 
trical and mechanical impacts due to electrical disturbances of 
whatever nature, will be kept down to a minimum consistent 
with successful operation and the greatest reliability of service 
secured. 


Reliable and efficient power stations, transmissions and 
distributions are rapidly bringing to a reality universal 60-cycle 
power throughout the country. Clearly in any electric power 
system the latest, most economical power station should be 
operated as a strictly Lbase-load plant. In this way the lowest 
possible cost per kw-hr. is obtained and advantage taken of 
the remarkable advances in power-station design. 


By judicious location of synchronous condensers and reactors, 
voltage regulation can be maintained and power drawn from any 
power station over the entire system. 


In general, the energy losses in the synchronous condensers are 
compensated for by the improved efficiency of transmission lines, 
transformers and generators, supplying power at the higher power 
. factor, while the capital costs of the synchronous condensers are 
more than offset by the increase in capacity of the system at the 
higher power factor. Thus, it is possible to operate with re- 
liability the latest power plant on the system as a base-load plant 
with the resultant system economies. By so doing, the electric 
power can be supplied over a wide radius to the large industrial 
plant or to an electrified steam railroad at a lower price than 


that at which these companies are able to make power because - 


they have a comparatively fixed power demand at a compara- 
tively low load factor; thus when their power stations become 
obsolete,they cannot write them off their books and discard them. 
They cannot take advantage of the improved efficiencies of the 
latest power-station design and of the high load factor that is 
obtained on an extended improved power system. 


H. W. Eales: Mr. Rossman has called attention to the re- 
markable fact that it is possible for short circuits to occur within 
power stations and for the operating staff to be unaware of the 
fact. Mr. Rossman mentions a short circuit of this nature at 
Windsor Station. 


About twelve years ago, one of the 11-kv. busses burned in two 
in the Keokuk Station. For some time the operators there were 
unaware that they were delivering single-phase power over the 
143-mi. transmission line to St. Louis. 


In December 1924 a short circuit occurred in one of the bus 
chambers at Cahokia Station and although the operator knew 
that a short circuit existed on the system he did not ascertain 
for several minutes that it was within his own station although 
it later developed that it was located on the same floor on which 
the operating benchboard is situated. 


As a result of that and other experiences we have recently 
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concluded to install in Cahokia Station an indicating and ground- 
current protective system. 

We believe that, with the isolated-phase arrangement of oil 
circuit breakers and other accessory equipment as now completely 
installed at Cahokia Station, a three-phase short circuit is 
virtually an impossibility. In designing the indicating and pro- 
tective system about to be installed, it is necessary to consider 
only protection from phase to ground. 


A review of all cases of trouble which have involved the station 
bus revealed that in order to clear the short circuit it was finally 
necessary, by manual operation, to isolate the bus section in 
trouble and disconnect its generator and other sources of power 
connected to it. This consumed valuable time during which 
system service suffered. As long as it is necessary to do this 
ultimately, it has been decided to arrange for its accomplishment 
automatically and instantly. 


The method to be employed will consist of introducing current 
transformers in the apparatus ground bus ahead of the connection 
to earth. The secondary leads from these current transformers 
will be brought to the benchboard operating room to relays whose 
operation will cause the lighting of telltale lamps indicating the 
bus chamber in which the short circuit occurs, and simultaneously 
cause the opening of the bus-section circuit breakers, at both 
ends of the bus section involved, open the generator breaker or 
this bus section, and also tie feeders, if any, from other stations 
or systems. 


E. C. Stone: The determination of the arrangement of bus 
reactors in a power plant must take into account both the pro- 
tection of equipment and the safeguarding of service. Of the 
five cases of bus-reactor operations reported in this paper, three 
apparently resulted in complete shut-down of the power plant and 
consequently serious interruption to service. In my opinion the 
bus reactor problem is not solved until service as well as equip- 
ment is completely protected. 


H. R. Summerhayes: [I have had occasion to review and 
analyze most of the major bus short circuits that have occurred 
in large power stations, and it appears in nearly all of them that 
if the bus section could be segregated instantly from the rest 
of the station, matters would be better than they are. That is 
to say, some service ntight have been lost, but not nearly so much 
service as has been lost in most of these short circuits. There- 
fore, I am heartily in favor of some system of protection, which 
will seetionalize the bus. It has been accomplished by the 
differential protection used in the Brooklyn Edison Company’s 
system and in the hydroelectric plant at Queenston, Ontario. 
In the latter, I believe the differential protection has actually 
worked successfully several times. It is also accomplished by 
the ground protection system mentioned by Mr. Eales. 

The ground protection system is simple and it is based on the 
probability that nearly all bus troubles on the isolated-phase 
system, or on the group-phase system, involve a ground, and 
there is some ground current flowing. 

It is very simple, then, to connect all of the non-current-carry- 
ing metal in the vicinity of a bus section and the switches per- 
taining thereto through a current transformer to ground. In- 
stead of connecting them all to the common station ground, we 
run all the ground connections from switch bases, operating 
mechanisms, ete., of one bus section through a current trans- 
former to the station ground, and that current transformer is 
made to trip the section switches, feeder switches and 
the generator switches on that bus section, and do so instantly. 
In this manner the service can be resumed with the least amount 
of interruption. 

While reactors are very effective in limiting short-circuit 
currents, there is one trouble that has been encountered with the 
use of bus reactors, namely, when a large amount of ‘current is 
being passed over a bus reactor from one section to another, the 
bus voltage differs on the two sections, or rather there is a phase 
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difference which unbalances distribution of load in feeders from 
different bus sections to the same substation. To prevent this 
unbalance it is desired to make a reactor which will be of low 
reactance at normal load, and high reactance at short circuit; 
this has been the aim of inventors for a good many years. 

I hope that that problem will be solved; that some form of 
linkage will be found which will enable a large amount of power 
to be exchanged between bus sections or generating stations 
under normal conditions and will interpose a high reactance 
instantly before one cycle is passed when short circuit occurs. 

F. H. Kierstead: This record of eight years’ experience with 
a variety of reactors and only one instance of a reactor failure 
(and in this instance, the fault appears to have been with the 
installation and not with the reactor) is, I think, a positive 
testimonial of the reliability of modern current-limiting reactors. 
However, I, personally, am not satisfied with even the fine record 
that reactors have made, but feel that we must press on toward a 
still higher degree of the perfection of this device upon which we 
depend to protect everything else in great power systems. This 
greater perfection must come not alone from increased efforts 
on the part of the manufacturers but also through a better 
understanding of the characteristics of reactors by the operators 
and from more consideration being given by them to the instal- 
lation and upkeep of the reactors. 

Turning to the record in this paper, it is to be noted that in 
the one case of a reactor failure the reactors pulled together be- 
cause they had not been bolted down to the floor. Now I am 
not bringing up this point in order to excuse a reactor failure, 
(the reactors were not of our manufacture, but the results would 
doubtless have been the same had they been our reactors, if the 
means which we provided for bolting. the reactors to the floor 
had not been used); nor do I bring it up in order to point out a 
faulty installation, but I am bringing it up for consideration 
because it illustrates my point that a better understanding of the 
characteristics of reactors is required and more consideration 
must be given to their installation in order to obtain a higher 
degree of perfection in the service that they render. It should 
be clearly appreciated that there is a large magnetic force between 
adjacent reactors when carrying short-circuit current and that 
for this reason reactors should always be bolted to the floor 
and, in many eases, must be further braced to withstand this 
force. 


There is another source of danger to reactors which I think is 
worthy of consideration at this time. It is one which we all 
should realize but one which many of us overlook. 
to the failure of a reactor which may be caused by foreign con- 
ducting material accidentally dropping into a reactor and 
lodging in the winding. We have proven, by careful tests, that 
if a piece of metal, such as a screw, bolt, nut, or washer becomes 
lodged in the winding and escapes notice during inspection, no 
indication of its presence in the reactor will usually be given dur- 
ing the normal operation of the circuit because of low voltage 
between turns, but at the instant a short circuit occurs, when the 
voltage between the different sections of the winding jumps to 
many times its previous value, incipient ares shoot out where the 
metal bridges across a section of the winding and are followed 
instantly by a complete flash-over of the reactor. Our tests have 
further proven that thin insulation on the conductor will not 
prevent such failures, even though the insulation has ample 


dielectric strength to withstand the voltage placed across it by: 


a short cireuit for the reason that the magnetic force exerted on 
iron and steel objects will cause them to break through thin 
insulation. 


This danger may be eliminated by a very careful inspection 


of the reactor before it is placed in service in order to be sure that 
no such foreign material is lodged in the winding. The incon- 
venience of making such an inspection should not deter one from 
making it for it is in those places most difficult to inspect that 
foreign material is most likely to lodge. 
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Attention is further called to the fact that the magnetic field 
of a reactor carrying a short circuit will reach out to a distance at 
least equal to the diameter of the reactor and draw loose magnetic 
material into its winding. Therefore, great care must be taken 
to keep the passageway where reactors are installed clear of such ~ 
material. Doors or screens across the openings of the compart- 
ments in which reactors are installed are recommended as a means 
of preventing any such material which may be dropped in the 
passage-way from getting into the reactors. 

For those installations where it is very difficult to be sure that 
foreign material will not enter into the reactors and for those 
operators who require a safeguard from it in addition to that 
afforded by inspection, The General Electrie Company has 
developed a thick asbestos insulation which is closely and firmly 
woven on the reactor conductor and is treated with flame-proof 
compound which makes the covering very strong and able to 
resist cutting and tearing very tenaciously. This insulation is 
used solely to prevent foreign material causing a short circuit 
between turns. The special grade of Portland cement concrete 
supports so successfully used for years is still the major insu- 
lation. Reactors with this insulation have been thoroughly 
tested by making many short-circuit tests upon them with a 
26,700-ky-a., short-circuit testing generator and these tests have 
proven that this insulation affords adequate protection to the 
conductor from foreign material and that the insulation is so 
free from any inflammable material as to be properly classed as 
fireproof. 

H. W. Osgood: This timely paper is a valuable confirmation 
of the effectiveness of reactors placed in a ring bus in large 
generating stations. Reactors placed in a bus between genera- 
ting units are more effective for limiting short-circuit current 
than reactors of greater reactive voltage drop placed in series 
with the generators and in effect paralleled on a bus. Reactors of 
moderate size are also necessary in the generator leads as these 
give to the generator circuit and the busses protection equivalent 
to that provided by feeder reactors. 

In looking up earlier information on use of current-limiting 
reactors, we find that in June, 1909, Mr. Junkersfeld presented . 
a paper at Atlantic City, before the National Electric Light 
Association on ‘‘The Use of Reactance Coils in Generating 
Stations.” In this paper, mention was made of the first appli- 
cation of reactors in the Cos Cob Station of the New York, New 
Haven and Hartford Railroad, an installation in the -Central 
Station at Baltimore and in the Fish Street Station at Chicago. 
Reactors of the choke-coil type had, however, been used on many 
overhead and a few underground circuits prior to these installa- 
tions in Cos Cob, Baltimore, and Chicago. 


Dr. Steinmetz, in his discussion of that paper in 1909, said 
among other things, ‘‘When you come, however, to still larger 
stations—and some of the largest stations in the country are 
rapidly approaching that condition—then we, meet the con- 
dition where even with this generator reactance, limiting the 
momentary short-circuit current to about ten times full-load 
current, the rush of current at the bus bars is altogether too much 
to permit a switch to be designed economically to take care of it, 
and then we shall be obliged to carry the limitations still further 
in the manner suggested by Mr. Junkersfeld, in sectionalizing 
the bus bars by reactance. This suggestion is therefore not an 
alternative to the generator reactance but is in addition thereto, 
for those eases of huge powers—200,000 kw. or more—where 
the generator reactances are no longer sufficient to limit the 
momentary short-circuit current at the bus bars to a reasonable 
value; that is, to half a million or a million kilovolt-amperes.”’ 

During these 16 years since this discussion by Dr. Steinmetz, 
the rupturing capacity of oil circuit breakers has been increased, 
in some eases, to 1,500,000 kv-a., but the ultimate capacity of 
generating stations has been increased in some cases to a pro- 
jected total of 600,000 kw. Current-limiting reactors have 
therefore become indispensable between bus sections, as well as 
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in the generator leads and feeders to limit the short-circuit cur- 
rent, within the rupturing capacity of circuit breakers. 

The isolated-phase arrangement with vertical separation of 
phases is peculiarly adapted to the installation of current-limiting 
reactors. Space is afforded in the switchhouse where the genera- 
tor leads come up or the feeders drop down to the cable tunnel, 
the bus structures and oil-circuit-breaker compartments being 
grouped in the center with an operating aisle between structures. 
With the reactors isolated in this manner there is less likelihood of 
a phase-to-phase short circuit and if one occurs the reactors 
intervene to limit the current. 

Experience indicates that in addition to a proper scheme of 
connections for reactors, the following points among others should 
be given careful consideration: 

Terminals should be placed at opposite ends of a reactor to 
prevent danger from flashover across terminals and with the 
vertical-phase separation one terminal can be placed at the top 
and one at the bottom of the coil. 

Non-combustible material should be used in their construction. 

Reactors should be satisfactorily insulated from ground and 
enclosed in a compartment arranged for ventilation. 

Reasonable clearances should be provided to all magnetic 
material. 

Insulation of conductors, if used, should be of heat-resisting 

“material. 

As the reactor is installed as a protective feature, it should be 
carefully constructed and installed in every detail so that the 
chanees of the reactor, or its connections, being the source of 
trouble or the means for spreading trouble will be reduced to an 
absolute minimum. 

Mention is made in this paper that when one or more genera- 
tors are disconnected from the bus, adjacent sets of reactors are 
automatically shunted by short-circuiting breakers, thereby 
preventing more than one set of bus reactors being connected 
between two adjacent running generators. A description of the 
means for automatic shunting of the reactors would be of interest. 

S. I. Oesterreicher: In this paper there is one set of records 
of particular interest to me, namely, the short-circuit disturbances 
in the West End Power Station of the Union Gas & Electric 

_ Company of Cincinnati. Le 

It is stated in the paper that in one case the magnetic attrac- 
tion between two adjacent co-axially arranged reactors was of 
sufficient magnitude to damage the two reactor housings. With 


a separation of 12 in. between the two concrete housings, the - 


magnetic centers of the two coils are 33 in. apart. At this dis- 
tance and with 6000 amperes flowing across each reactor the 


magnetic attractive forces between the reactors was about 14,500 . 


lb. The weight of the reactor was only 13 per cent of the at- 
tractive forces. Thus the damage done to the concrete housings 
due to their tender contact is excusable, if it is known that no 
interbracings between the two reactors were used. 

The other set of records about which I desire to comment 
refer to the eight disturbances of the North East Power Station 
of the Kansas City Power & Light Company. Of these eight 
disturbances, six were caused by lightning troubles. The paper 
states that: ‘‘In the majority of those cases the damage consisted 
of the breakdown of one or more current transformers followed 
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by an are which burned one or more feeder reactors, ete.” I 
believe it to be unfair to record in this paper reactor failures 
eaused by lightning disturbances. 

In my humble opinion, a current-limiting reactor will give no 
protection against lightning regardless of its type of construction. 
It would be of interest to know whether or not these reactors had 
shunted resistors. This would throw light to some extent upon 
a very live topic among many engineers. 

A. M. Rossman: We are indebted to Mr. Eales for the 
information he has given us on the recent short circuit in the 
Cahokia Switch House, and the protective measures he has 
decided to install to limit the extent of the damage in the event 
of another short circuit. I believe the ground relaying system 
which he describes to be a step in the right direction. 

Mr. Stone emphasizes the fact that in the two cases which are 
cited, where the bus bars were directly involved in a short circuit, 
the power station was completely shut down. Our paper states 
that in each of these instances the bus bars were cleared, as a 
safety measure, by the switchboard operators themselves, before 
they could definitely determine the exact location of the short 
circuit. Had they opened the bus-section oil circuit breakers 
instead of the generator breakers, or had there been a relaying 
system similar to the one described by Mr. Eales, I doubt if there 
would have been any interruption to service outside of the bus 
section which was actually involved in the are. 

Mr. Kierstead, Mr. Oesterreicher, and others lay stress on the 
need for reliability of the reactors themselves. I might say that 
of all the cases of trouble given, not one originated in the reactor 
itself, nor did any of the reactors develop weaknesses under short- 
circuit conditions. Several of the Kansas City feeder reactors 
were damaged by ares which started in current transformers 
when lightning came in over the overhead 13.2-kv. feeder cir- 
cuits and broke them down. This source of trouble has since 
been eliminated by placing all of the outgoing 13.2-kv. feeders 
under ground and by relocating the current transformers. 

Mr. Summerhayes has discussed the effect of busbar reactors 
on the voltage of the different busbar sections. We have found 
that with the reactors we have used, the ratings of which were 
carefully determined by considering both voltage regulation 
under normal conditions and current flow under abnormal con- 
ditions, this has given us very little concern. With a radial 
system of feeders, which is the system followed in the three power 
stations under discussion, this effect is negligible. 

Mr. Osgood has asked how the busbar reactors are automatic- 
ally shunted in and out of service. This we have done by pro- 
viding either an auxiliary contact on the control switch of the 
main generator oil circuit breaker, or an auxiliary switch on the 
generator oil circuit breaker itself. When the operator closes 
the generator circuit breaker, the circuit breaker shunting the 
corresponding busbar reactor opens; when he opens the genera- 
tor circuit breaker, the breaker shunting the. busbar reactor 
closes. 

In concluding, I might state that our experience with power- 
station reactors has fully justified our expectations and has 
strengthened our confidence in them as a means of successfully 
keeping within controllable limits, the flow of current during 
short circuits. 


Mississippi River Crossing of Crystal City 
Transmission Line 


BY H. W. EALES: 


Memter, A. I. E. E. 


Synopsis.—T he description and illustrations which follow refer 
to overhead wire crossing of the Mississippi River near Crystal 
City, Mo., of a double circuit, 132,000-volt, three-phase, 60-cycle 
transmission line now in the process of construction. The terminal 
points of this line at the present time are the Cahokia steam power 
station of the Union Electric Light & Power Company and the 


approximately 4000 ft. (1220 m.) wide, bank to 
bank. On the Missouri side there is a high lime- 
stone bluff the top of which is at elevation 745 with 
reference to Memphis, Tenn. datum. The average 
ground level on the Illinois bank is at elevation 395 or 
350 ft. (106.8 m.) lower than the Missouri bluff, opposite. 


A T the point of crossing, the Mississippi River is 
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AND Mississippi River Crossine 


The hydrographic records of the Mississippi River 


indicate that extreme high water in 1844 was at eleva- 


tion 410.5 and high water in 1903, at elevation 406. A 
levee protecting the Illinois low lands parallels the river 
for a distance of approximately 6500 ft. (1983 m.) from 


1. Both of Union Electric Light & Power Co. of Illinois, 
St. Louis, Mo. 
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and 
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glass manufacturing plant of the Pittsburgh Plate Glass Company 
at Crystal City, Mo. The general location of this line is shown in 
the accompanying map, Fig. 1. Its length is 30.8 miles, (49.6 km.), 
of which 28.4 miles (45.7 km.) are in Illinois and the remainder in 
Missouri and in the river crossing. The purpose of this article is 
primarily to describe the problems involved in the river crossing. 


the Missouri bluff. The Illinois shore at, this point 
between the river’s edge and the levee, is known as 
Calico Island. 

It is observed from the foregoing figures that any 
foundation between the levee and the Missouri bluff 
would be in an area subject to overflow and in addition 
would be subject to the characteristic scouring action 
of the Mississippi River during each such overflow 
period. 

In order to obtain data for the design of foundations 
for towers two test borings were made to rock on the 
Illinois bank, the first at a distance of approximately 
400 ft. (122 m.) from the river’s edge and the second 
about 50 ft. (15.3 m.) from the edge. Both of these 
borings showed that the ground was typical river 
bed deposit consisting of fine silt on the top strata, 
the lower strata consisting of coarse sand and 
gravel, the gravel increasing in size to stones several 
inches in diameter as rock was approached. Since — 
these data checked closely with numerous other borings 
of the Illinois bed of the river between this location and 
Kast St. Louis, Ill., it was not considered necessary to 
make more than the two borings taken. Government 
records (House document No. 762, 63rd Congress, 2nd __ 
Session) contain reports of test borings taken over a 
distance of four miles east and west beginning at Steins 
Street, St. Louis, on the Missouri bluff to the Illinois 
bluffs. The borings on Calico Island showed deposits 
very similar to the government borings. Other boring 
data available were those made at the time of construc- 
tion of the four bridges spanning the Mississippi at St. 
Louis and those for the Cahokia power station below 
East St. Louis, Ill. 


The Federal requirements with respect to river 
clearance at this point called for a mechanical clearance 
of 64 ft. (19.5 m.) from the lowest point of the sag to 
high water elevation on the basis of 1903 high water. 
It was considered advisable to add 10 feet (3.05 m.) 
for electrical clearance making total clearance 74 feet 
(22.6 m.) 

The preceding description outlines the physical 
problem; the solution of the problem was made as 
follows: 

It is apparent from the data given that to support a 
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crossing span on towers outside the area of overflow 
would involve a span distance of 7000 feet (2135 m.) 
It was determined, therefore, to construct the crossing 
in two spans supported by three towers, the western 
tower to be placed on top of the Missouri bluff, the inter- 
mediate tower approximately 300 ft. (91.5 m.) from the 
existing water’s edge on the Illinois bank, and the third 
tower a short distance east of the levee. It was further 
decided to arrange the Missouri tower and the Illinois 
levee tower as anchor structures, both designed to sup- 
port the unbalanced stress of all six conductors under 
worst conditions of ice and wind loading, and to ar- 
range the intermediate tower so as to support the con- 
ductors on insulators in suspension position. 

Sketch, Fig. 2, shows all these data in graphical 
form. From this sketch it will be observed that the 
horizontal distanee between the Missouri tower and the 
intermediate tower is 4279 ft., (1305 m.) and the hori- 
zontal distance between the intermediate tower and the 
Illinois terminal tower, 2681 ft., (818 m.) The profile 
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Fig. 2—PLAN AND PrRoFILE or Misstssipp1 River CRossinG 
shows clearly the different elevations involved. The 
clearance to river level is shown on the basis of con- 
ductor sag at 120 deg. fahr. (48.8 deg. cent.) and under 
extreme assumption that such sag will occur with the 
river at an elevation duplicating that of 19038. 

The lowest crossarm of the Missouri tower will be 
60 ft. (18.38 m.) above its base. The lowest crossarm 
of the intermediate tower will be 2271% ft. (69.5 m.) 
above its base, and the lowest arm of the Illinois anchor 
tower will be 90 ft. (27.5 m.) above its base. 

The three conductors of each circuit are to be carried 
across the river in vertical configuration. From the 
tower details shown in Fig. 2 it will be noted that there 
will be a vertical separation of 20 ft. (6.1 m.) between 
the conductors of each circuit at the two anchor 
towers, but a vertical separation of 25 ft. (7.6 m.) be- 
tween the top conductor and the middle conductor at 
the intermediate tower, and a vertical separation of 
20 ft. (6.1 m.) from the middle conductor to the lowest 
conductor at the intermediate tower. It will be further 
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noted that the center conductors are to be offset out- 
wardly from the towers 10 ft. (8.m.) with respect to the 
top and bottom conductors, both of the latter being at 
the same distance from all towers. The length of the 
crossarms are based upon— 

1. The foregoing vertical and horizontal sep- 
arations of the conductors 

2. The length of the assembly of insulating sup- 
ports, hardware, etc., as will be discussed later, and 

3. A minimum clearance to steel structure of 41% 
ft. (1.87 m.) with conductor swung at an angle of 
45 deg. from the vertical toward the tower 

It will be observed that this has resulted in top and 
bottom crossarm length of 46 ft. (14.03 m.) and middle 
crossarm length of 66 ft. (20.2 m.) 

It will be found upon a detailed analysis of a problem 
of this character that the final solution of; 

a. The strength of crossing conductors 

b. The insulating supports at the towers 

c. The towers themselves 

d. The tower foundations 
are interdependent one upon the other and that a joint 
solution of all four phases of the problem must be made 
more or less simultaneously. The resulting composite 
solution should be the one which results in allowing 
ample factors of safety and the lowest over-all total cost 
of the crossing. 

The specific economical study of this particular prob- 
lem has resulted in the selection of a steel-reinforced 
aluminum conductor to be employed. The design 
tension for the conductors and for the other three 
factors of the major problem was taken as 33,000 lb., 
(15,000 kg.) which will occur under conditions of 44-in. 
(1.27 em.) ice loading at 0 deg. fahr. (— 17.7 deg. cent.) 
and 12 lb. per square foot wind pressure (58.7 kg. per 
sq. m.). 

The specific requirements which each of the four 
major elements should meet were then chosen as 
follows: 

1. TOWERS 

a. Anchor Towers. Theanchor towersare to be capable 
of withstanding the unbalanced pull of six conductors 
with 33,000-Ib. (15,000 kg.) tension in each. The de-_ 
sign of the tower steel members specifies unit stress 
requirements to be in accordance with the National 
Electrical Safety Code for the above loading with the 
tower steel computed on a basis of 50 per cent overload 
on the above specific loading. The tower foundation 
specification requires these to be designed for 75 per | 
cent overload with respect to the above specific tower 
loading. In addition to the ice and wind loading on 
the conductors, the tower is required to meet an ice 
weight and wind loading produced by the weight of 14 
inch ice covering on its members and with a wind pres- 
sure equivalent to twice the area of one side on the basis 
of 25 lb. per square foot pressure (122.2 kg. per m’). 

b. Intermediate Tower. The specification for the 
intermediate tower gives the maximum loading as three 
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broken conductors with a tension of 33,000 lb. per 
conductor. The tower steel is to be designed on the 
basis of 50 per cent overload on this specific loading and 
with unit stresses on the design basis in compliance 
with the stresses of the National Electrical Safety Code. 
In addition to the ice and wind loading on the con- 
ductors the tower steel design includes the additional 
load produced by the weight of 14-in. ice covering on 
its members and with a. wind pressure equivalent to 
twice the area of one side on the basis of 25 lb. per 
square foot pressure (122.2 kg. per sq. m.) 


2. FOUNDATIONS 


_ General. Since the three towers are of different 
heights and impose different loadings on their founda- 
tions, and since these in turn have different soil con- 
ditions, separate foundation computations were re- 
quired for each tower. For the purpose of foundation 
data for the anchor towers, the shoreward conductors 
were assumed broken. It was considered that the un- 
balanced pull of the conductors on these towers would 
always be in a direction toward the river and that in 
consequence the piers on the river side would always be 
under compression at time of maximum load and those 
on the land side under uplift conditions. Advantage 
was taken of this in reducing the size of the two com- 
pression piers as compared to the uplift piers. 

For the intermediate tower it was concluded that all 
* four piers should be of similar design. 

For the two anchor towers, which are at locations not 
subject to overflow, the full weight of the backfill earth 
and of the concrete piers is taken into account in re- 
sisting the uplift of the base. 

In the case of the intermediate tower the weight of 
the earth backfill was not considered in calculating the 
uplift quantities and the concrete was figured for its 
uplift value when submerged in water. 

The total reaction and uplift figures for all foundation 
calculations are indicated in the accompanying Table I. 

These conditions have resulted in-foundations of the 
following specific dimensions: 


1. MussourI TOWER 


a. Shoreward Piers. Each of these two piers con- 
sists of a reinforced concrete base pad 20 ft. (6.1 m.) 
square and 2 ft. (0.6 m.) thick from which rises a pier 
12 ft. (3.66 m.) square at the base, tapering to 4 ft. 
(1.22 m.) square at the top, which is 9 ft. (2.74 m.) 
above the top of the base pad. The entire block is 
liberally reinforced with formed steel rods. The foun- 
dation bolts 214 in. (5.72 cm.) in diameter and six in 
number for each pier, extend 10 ft. (3 m.) into the con- 
crete. Pairs of bolts are tied together with angle plates 
and reinforcing rods, in turn, are looped over the top of 
these angles. 

b. Riverward Piers. These piers are the same as the 
shoreward piers with the exception that the base pad 
is 14 ft. (4.17 m.) square instead of 20 ft. (6.1 m.) 
square. 
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TABLE I 
110 Ft. (33.5 m.) Tower—Illinois Bank 


Reactions ...) *Wire Pull Wind Dead Load Total 
Piers toward | 313,100 lb. 15,600 1b. 25,500 Ib. 354,200 lb. 
FIVEV Ic. bane (142200 kg.) | ( 7090 kg.) (11600 kg.) | (161200 kg.) 
Uplifts 
Piers toward | 285,700 Ib. 15,600 lb. 25,500 lb. 275,800 Ib. 
bankas, 5. (129700 kg.)|} ( 7090 kg.) | (11600 kg.) | (125200 kg.) 
Tower weight. 132,000 Ib. 
( 60000 kg.) 
140Ft. (42.8 m.) Tower-Missouri Bank 
Reactions 
Piers toward | 326,200 Ib. 20,100 Ib. 31,500 Ib. 377,800 Ib. 
Rivers sarees (148400 kg.)| ( 9140 kg.) (14320 kg.) | (171500 kg.) 
Uplifts 
Piers toward 
Bank. ees 298,800 lb. 20,100 lb. 31,500 Ib. 287,400 Ib. 
(136200 kg.)| ( 9140 kg.) (14320 kg.) | (130700 kg.) 
Tower weight. i 160,000 lbs. 
(72727 kg.) 
285 Ft. (87. m.) Tower-Suspension Type 
Reactions ... 258,450 1b. 47,300 lb. 66,500 Ib. 372,250 Ib. 
(117500 kg.) | (21480 kg.) (30200 kg.) | (169400 kg.) 
Uplifts:. «2... 225,050 lb. 47,300 lb. 66,500 Ib. 205,850 Ib. 
(102080 kg.) | (21480 kg.) (30200 kg.) | (93700 lb.) 
Tower weight. 288,000 Ib. 


(131000 kg.) 


*Weight of wire has been added to reactions and subtracted from up- 
lifts. 16700 lb. (7600 kg.) for 285 ft. (86.8 m.) tower; 13,700 lb. (6230 kg.) 
110 (33.5 m.) and 140 ft. (42.8 m.) towers. 


All of these foundations are located in hard clay soil 
on top of a limestone rock bluff. The centers of the 
piers form a square 32 ft. (9.77 m.) on sides. 


2. ILLINOIS ANCHOR TOWER 
a. Shoreward Piers. These piers are the same as the 
shoreward piers of the Missouri anchor tower. 
b. Riverward Piers. The riverward piers. are the 
same as the shoreward piers except that the base mat 


is 17 ft. (5.18 m.) square instead of 20 ft. (6.1 m.) 


square. 

All of these foundations are in silt and sand river 
bottom land. 

The foundation bolts are the same in size and number 
and arranged in similar manner to those for the Missouri 
tower. The centers of the piers form a square 42 ft. 
(12.8 m.) on a side. 


3. INTERMEDIATE TOWER 


From the boring data mentioned in the preceding 
part of this article, it was evident that the foundations 
for the intermediate tower would be required to rest 
upon piles. From a study of the boring data and the 
tower uplift and reaction figures given in the preceding 
tabulation, the arrangement shown in Figs. 3 and 4 
was selected. From Fig. 3 it will be noted that each 
of the four piers is to be supported upon a cluster of 
sixteen 35 ft. (10.8 m.) reinforced concrete piles driven 
so that their points will be at elevation approximately 
339, 2. e., to a depth 47 ft. (14.35 m.) below the present 
ground level. Each of these piles is to be 15 inches 
(38.1 cm.) square and the steel reinforcing is so arranged 
as to connect the pile head with the base of the founda- 
tion pier. The base of the foundation pier is approxi- 
mately square in shape, 17 ft. (5.18 m.) ona side and 6 
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‘ft. (1.83 m.) thick. From the top of this base the pier 
‘proper tapers from a dimension 11 ft. (3.4 m.) square at 
its base to 5 ft. (1.52 m.) square at the top. The top is 
at elevation 407, or 1 ft. (0.8 m.) higher than 1903 high 
water elevation. Six foundation bolts, 17% inch (4.76 
cm.) in diameter, are buried in this concrete pier toa 
depth of 10 ft. (8.05 m.) The bottoms of pairs of bolts 
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FIG3-VERTICAL CROSS-SECTION OF FOUNDATION 
FOR INTERMEDIATE TOWER 


Fig. 3—VeERTICAL Oross-SECTION OF FOUNDATION FOR INTER- 


MEDIATE TOWER 


are tied together by substantial angle plates and hair- 
pin shaped reinforcing rods in turn extend from the 
bottom of the pier over the tops of these angle plates. 
Thus, it will be seen that through the arrangement of 
the reinforcing employed, tension stresses of the pier 
are transmitted from the top of the pier to the bottom 
of the concrete piles. From Fig. 4 it will be observed 
that the centers of the four piers form a square 80 ft. 
(24.4 m.) on sides. 

To protect these foundations against scour action 
of the river, it was decided to employ an envelope of 
steel sheet piling surrounding all four foundations. 
From Fig. 4 it will be observed that this piling is to be 
driven in the form of a circle 130 ft. (89.8 m.) in diam- 
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Fig. 


eter, the outer edges of which are in contact with the 
outer edges of the foundation bases. The sheet steel 
piling consists of 50-ft. (15.25 m.) lengths made up with 
2 per cent copper. From Fig. 3 it will be noted that a 
circular, reinforced-concrete girder, 114ft. by 6ft. (0.46 
m. by 1.83 m.) cross section is to extend around the 
entire top perimeter of the steel piling and to be bonded 
to the outer edges of each of the four foundations. 
Thus, this girder will act as a stiffener to the piling 
and at the same time will reinforce the four base cords 
of the steel tower. The concrete will also protect the 
steel piling against rust at the ground line. 

Fig. 5 illustrates the process of driving this steel 
sheet piling envelope. The steel sheet piling was driven 
by means of a steam hammer suspended from the end 
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of derrick boom and supplemented by 300-lb. per sq. in. 
pressure water jet. (21.5 kg. per cm?.) 

Fig. 6 shows the process of driving steel sheet 
piling for the excavation for the cofferdam for an indi- 
vidual foundation pier, and the method of driving 
concrete piling in one of these excavations. Note that 
the steel sheet piling envelope shown in the foreground 
has been driven to ground level. 


5—Construction Progress Drivine STEEL SHEET 
Piting Apron INTERMEDIATE TOWER 


Fira. 


Fig. 7 shows the interior view of steel sheet piling 
cofferdam for one of the foundation piers for the inter- 
mediate tower. One of the concrete piles is shown in 
position ready to be driven. 


6—ConstructTion Progress Driving SHEET STEEL 
Pining For FouNDATION Pipr EXCAVATION AND 
Driving Concrete PILES IN ONE OF ‘THESE 
' EXcAvATIONS 


Fia. 


The concrete piles were driven by the combined 
efforts of standard pile driver hammer supplemented by 
300-Ib. per sq. in. (21.5 kg. per cm.?) pressure water jet. 
In driving the piles the ground was first partially 
excavated, the sides of the excavation held in place by 
steel sheet piles and the concrete piles then driven as 
above to proper cut-off. 

- A few special features of the river crossing towers may 
be of interest. Access to the top of each tower will be 
by means of a ladder the steps of which will besteel bars 
A by 3 by 11 in. (10.2 by .95 by 27.9 em.) bolted to 
two angles carried up the center of one face of the tower. 
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From the top of the first panel of the tower, or 15 ft. 
(4.57 m.) above the base, these steps will be enclosed 
in a safety basket extending to the top of the tower and 
with rest platforms at convenient intervals. The 


bottom of this safety ladder will be provided with gate’ 


and padlock. The width of each crossarm will be 
12 ft. (3.66 m.). To provide working space for men, 
each of these crossarms will be constructed as a plat- 
form employing subway type grating for flooring and 
with hand-railings 3 ft. (0.9 m.) high on each side. The 
space within the basket at the top of each tower will be 
used for storage boxes to store spare insulators and 
hardware, construction tools and tackle for the tower. 
All of these towers will be hot galvanized and will be 
bolted. 
4, CONDUCTORS 

The conductors for the river crossing consist of 
318,000-cir. mil steel reinforced aluminum cables for 250 
amperes maximum current requirements and each 
cable was purchased as one 7500-ft. (2290-meter) con- 


7—InTERIOR VIEW OF STEEL SHEET PILING CoFrFERDAM 
FOR FOUNDATION PIER FOR INTERMEDIATE TOWER 


Fig. 


tinuous length, one spare conductor being supplied. 

The steel core consists of 43 strands of various size 
galvanized steel wires so woven that all wires are woven 
in the same direction without the crossing of one strand 
over another. Long experience elsewhere with a num- 
ber of long crossing spans has indicated the desira- 
bility of this arrangement for the purpose of reducing the 
possibility of breakage of strands due to gradual wear- 
ing of one strand into another at points of crossing. 
Surrounding the steel core are 24 strands of aluminum 
wires approximately 0.1151 inches (2.92 mm.) in diam- 
eter. The aluminum strands are woven on the steel 
core in a direction the reverse of that of the steel 
strands. The steel core is to be made up of strands 
each of which is to be a continuous length without 
weld, braze, or splice of any character. The above 
results in a cable the outside diameter of which is 
approximately 1.036 in. (2.55em.). Theover-all diameter 
of the steel core will be 0.807 in. (2.05 em.) with a 
breaking strength of 64,000Ib. (29,100kg.). Theultimate 


EALES AND ETTLINGER: MISSISSIPPI RIVER CROSSING 


Transactions A. J. EK. E. 


strength of the completed cable is 67,600 lb. (80,700 
kg.) and its elastic limit 53,500 Ib. (24,800 kg.). The 
weight of completed bare cable will be 1.684 lb. (0.765 
kg.) per foot. 

The disposition of towers, cross-arms, etc., as above 
described will result in the following Slew eon at vari- 
ous locations of lowest conductor: 

a. Crossarm attachment on the Missouri end at 
elevation 805 

b. Lowest point of sag at elevation 480 at tem- 
perature 120 deg. fahr. (48.9 deg. cent.) 

ec. Conductors at the intermediate tower at eleva- 
tion 620 

d. Crossarm attachment at the Illinois terminal 
tower at elevation 485 

Under these conditions the vertical sag at 120 deg. 
fahr. (48.9 deg. cent.) without wind will be 325 ft. (99 
m.) below the Missouri tower support. 


7—(A) Missouri Strain Tower, SHowina Mertruop or 
ATTACHING CONDUCTORS 


Fia. 


The sag and tension figures for other conditions of ice 
and wind loading, temperature, etc., are given in Table 
II below. As an appendix to this article are given the 


TABLE II 
STRINGING SAGS AND TENSIONS 
Sag below Sag below 
Upper Lower 
Temperature Loading Support Support Tension 
o°F, ¥% in. ice 12 lb. 
wind 318.3’ (Res.)| 171.5’ (Res.) | 33,500 Ib. 
(—17.8°C.) |(1.27 cm. 58.5 
kg/sq. m.) (97. m.) (52.3 m.) (15000 kg.) 
82° Ri. ¥%in.icenowind| 328.3 ft. 142.8 ft. 27,370 lb. 
Ca OG) (1.27 em.) (100. m.) (45.1 m.) (12400 kg.) 
—20°F. |no ice, no wind) 312.8’ 127.3’ 18,770 lb. 
( —28.9°C.) (95.1 m.) (38.8 m.) (8500 kg.) 
Sos no ice, no wind] 317.5’ 182.¢ 18,380 Ib. 
(0° C.) (96.7 m.) 40.3 m.) ( 8320 kg.) 
60° F. no ice, no wind| 320.’ 134.5’ 18,160 lb. 
(15.6° C.) (97.5 m.) 41.0 m.) ( 8250 kg.) 
120°F. no ice, no wind| 325.’ 139.5’ 17,710 lb. 
(48.9° C.) (99.1 m.) (42.6 m.) ( 8050 kg.) 
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complete calculations of sags and tensions from which 
the values in the tabulation were derived. 


5. INSULATED SUPPORTS 


The requirements to be met by the insulated supports 
for the conductors have been suggested above in the 
discussion with respect to the conductors. For the 
purpose of selecting the insulator linkages the maximum 
tension of the conductor was taken as 35,000 lb. (15,900 
kg.) and a mechanical factor of safety of two wasselected 
on the total linkage to be employed. The insulators 
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are each to be proof-tested at 12,000 lb. (5450 kg.) and 
to have a maximum ultimate strength of 18,000 lb. 
(8200 kg.) each. 

a. Supports at Anchor Towers. To meet the above 
conditions six strings of insulator disks of this descrip- 
tion are required per conductor at each anchor tower, 
these to be arranged in two groups of three strings each. 
The three strings of 12 disks are to be assembled with 
- triple yokes top and bottom and two sets of triple yokes 
to be combined by one jumbo yoke at top and bottom. 
Details of this assembly are shown in Fig. 8 from which 
it will be noted that the over-all distance from the cross- 
arm to the conductors is approximately 22 ft. (6.7 m.) 

The following features of interest are pointed out 
with respect to this arrangement. The attachment at 
the crossarm consists in effect of a universal joint made 
of two steel forgings. Motion in a vertical plane is 
obtained about the 15¢-inch (4.18 cm.) diameter steel 
pin mounted in the crossarm clips and motion in a 
horizontal plane is obtained by rocker shaped surfaces 
on the two forgings. A turn-buckle is next provided 
which provides two feet of take-up. The jumbo yoke 
is long enough to permit proper equilization of tensions 
on the six strings of insulators. The holes shown in 
the triple yokes are for the purpose of attaching out- 
riggers for pulling up the strings of insulators to permit 
of replacements. Next to the outer triple yoke is a 
double car spring which will be calibrated so as to show 
the tension on the insulator strings at any time. It 
is believed that these springs will also act as shock 
absorbers in the case of sudden movement of the con- 
ductors due to ice falling from them, etc. Next to the 
outer jumbo yoke are shackles and four links of heavy 
dredge chain. The entire structure has been designed 
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for a maximum of flexibility and equalization of stresses 
over the individual insulator strings. With the excep- 
tion of the steel casting covers of the car springs all 
metal parts even the insulator caps are made of steel 
forgings or plates. 

The specification calls for a test of the completed 
assembly of three strings of insulators of 35,000 lb. 
(15,900 kg.) and of the completed assembly of six strings 
of insulators at 70,000 lb. (31,800 kg.) 

The form of clamp employed at the end of the linkage 
for attaching to the conductors and the method of hand- 
ling the conductors are also of special interest. This 
clamp consists of an aluminum body clamp which is 
compressed about the exterior of the complete steel 
reinforced aluminum cable by means of three compres- 
sions. The aluminum conductors are then cut off and 
the steel core continued into a steel Roebling bridge 
socket into which they are sweated with zine. The 
aluminum body clamp and the steel core socket clamp 
are both carried by a common steel bolt 15% inch (4.18 
cm.) in diameter. 

The details of this dead-end socket clamp are shown 
in Fig. 9. The aluminum body clamp contains three 
projections, the purposes of which are as follows. To 
one projection will be bolted two small aluminum body 
clamps attached by compression joints to two lengths 
of 300,000-cir. mil A. C.S. R. conductors of the type 
employed in the land transmission line. These two 
cables arranged in parallel horizontally will then be 
carried as the loop connection under the crossarm from 
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the river span dead end to the land span dead end. 
They will be clamped at five-foot intervals with three- 
bolt, parallel-groovealuminum clamps. The purpose of 
this latter arrangement is to stiffen the loop and hold 
to a minimum its swinging with the wind toward the 
tower. This precaution is of importance on account 
of the extreme length of these loops which will be about 
45 feet (13.75 m.). 
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As shown in Figs. 8 and 9, there will be bolted to each 
of the other two projections on the main aluminum 
body clamp another aluminum body clamp which will 
be attached by compression joints to a length of supple- 
mentary 318,000-cir. mil A. C.S. R. cable which will 
parallel the main cable for adistance of 20ft.atthe dead 
end in one case and 15 ft. in the other, and be clamped 
to it by means of parallel-groove aluminum ciamps. 

As is well known, long transmission line spans in- 
volving high wire tensions are peculiarly susceptible 
to vibration, the laws of which are not so well known. 
The vibration, however, has a definite nodal point at the 
junction with the cable clamp resulting in a tendency 
for the strands of the cable to break at the point of 
attachment. The result of study by others of vibration 
in existing spans indicates that the probability of 
damage will be materially reduced by spreading the 
vibration over a number of clamps arranged in parallel, 
and increasing in mass as above described. 


Fic. 9—(a) Conpuctors 1n SusPENsIoN Position To INTER- 
MEDIATE TOWER 


b. Supports at the Intermediate Tower. As indicated 
in the description of the intermediate tower itself, the 
conductors are to be supported by insulators arranged 
in suspension. This arrangement is in conformity with 
that followed throughout the rest of the line where 
every effort has been made to reduce to an absolute 
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minimum the number of dead-end insulator assemblies. 
In the river crossing the dead-ending of the conductors 
on the two terminal towers was a physical necessity. 
The dead-ending of these conductors was not necessary 
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on the intermediate tower, and accordingly is not 
employed. In case of breakage of either span the link- 
age at the intermediate tower is strong enough under its 
normal strength characteristics to hold the remaining 
span without slippage. The reasoning behind this 
arrangement was as follows: 

All records indicate that this crossing is in a region of 
heavy sleet loading. It was considered possible that 
the span between the intermediate tower and the 
Missouri anchor tower might be coated with ice while 
the east span from the intermediate tower to the Illinois 
anchor tower might not be so coated. This is not an 
unusual condition in transmission line work and follows 
usually from the sleet having melted and fallen from 
one conductor span before doing so in the adjacent span. 
Under such condition it was considered that if the 
conductors were carried on rollers or sheave wheels on 
the intermediate tower, the unbalanced loading of ice 
on the river span would cause an excessive sag in this 
span. To prevent just such occurrence or the reverse 
occurrence of the pulling down of the long land span be- 
tween the intermediate tower and the Illinois terminal 
tower it was considered that the conductor should be 
definitely clamped to the insulator string at the inter- 
mediate tower. 


Fic. 10—(A) INTERMEDIATE TOWER IN FoREGROUND; Missouri 
ToweErR IN BAcKGROUND 

Figs. 10 and 11 show the insulator and conductor 
clamp assembly selected. The order of assembly of the 
insulator strings, hardware, conductor clamp, etc., are 
similar to those employed on the dead-end towers, ex- 
cept that a single group of three strings of insulators in 
parallel is employed. The insulators and hardware 
exclusive ot conductor clamp are the same as those used 
on the anchor towers and need no further description. 
The following specific features of the conductor clamp 
are of interest: 

The conductor clamp consists of two aluminum cast- 
ings bolted together about the conductor and supported 
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from the insulator assembly in a substantial steel saddle. 
The cable grooves in the aluminum clamp approximate 
the position the wire will take due to its normal sag. 
Paralleling the main conductor will be two supplemen- 
tary lengths of cable of the same character as the main 
cable and bolted to it by means of-parallel-groove clamps 
for distances of approximately 20 ft. and 15 ft. respect- 
ively on each side of the main supporting clamp. The 
use of the supplementary cables and clamps constitutes 
the treatment of the vibration problem ina manner simi- 
lar to that used on the dead ends on the anchor towers. 

For the reasons outlined above it is also considered 


necessary that this clamp shall prevent excessive slip-. 


page of the conductor during any unbalanced loading due 
either to ice or a break in the adjacent span. This is of 
particular importance from the standpoint of river 
navigation as well as of operation of the circuit. The 
specification requires that this clamp shall hold the cable 
against slippage at 35,000 Ib. (15,900 kg.) tension in the 
event of breakage of one of the spans. 

_ The foregoing description applies to the design of the 
river crossing only. 


LAND TRANSMISSION LINE 
The fundamental design factors included in the speci- 
fication for the steel tower performance may be summar- 
ized as follows: 
1. Arrangement of conductors for each circuit— 
vertical configuration with middle conductor off-set 


SECTION 


-A 


Poa 
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ToOwrER 
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from the tower horizontally 3 ft. (.9 m.) with respect to 
top and bottom conductors. 


2. Minimum vertical separation between crossarms 
12 fi 64.20.) 
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3. Minimum clearance conductor to tower steel with 
conductor swung at angle 60 deg. from the vertical 
3 ft. 6 in. (1.06 m.) 

4. Number of insulators—10 per string (maximum 
length 4 ft. 6 5/16 in. (1.37 m.) for suspension tower; 
strain tower two parallel strings of 10 insulators (maxi- 
mum length 6 ft. 334 in. (1.9 m.); anchor tower two 
parallel strings of 12 insulators (maximum length 7 ft. 
114 in. (2.14 m.) 

5. Average span 800 ft. (244 m.) 

6. Minimum height to lowest crossarm suspension 
and strain towers 50 ft. (15.3 m.); anchor tower 45 
ft. (13.7 m.). 

7. Conductor to be employed—300,000-cir. mil 
A.C.5. R. 30 per cent steel. 

8. Maximum tension in conductor for 800 ft. (244 
m.) span under conditions 0 deg. fahr. 14 inch (1.27 em.) 
ice loading and 8 lb. per sq. ft. (89 kg. per sq. m.) 
transverse wind pressure—6000 lb. (2725 kg.) 

9. Towers to be computed on basis of 13 lb. per 
sq. ft. (62.5 kg. per sq. m.) wind pressure on 11% times 
the exposed area of one side. 

10. Maximum unit stresses in tower steel as pre- 
scribed by National Electrical Safety Code. 

11. Design loading for towers—25 per cent overload 
over conditions stipulated for each type of tower as 
given in the following summary, except that cross- 
arms are to be designed for 50 per cent overload and 
anchors for 50 per cent overload against uplift. 


Type of Tower 


I—Suspension tower 2 deg. 
angle 


II—Strain tower 15 deg. angle 


ItI—Anchor tower 30 deg. angle 


TV—Anchor tower no angle. 


V—Anchor tower 90 deg. angle 


Loading Conditions to be Met 


Any one wire broken with 2 deg. 
angle in line with wire loading as 
in (8) above. 

Any three wires broken with 15 deg. 
angle in line with wire loading as 
in (8) above. 

Any three wires broken with 30 deg. 
angle in line with wire loading as 
in (8) above. 

All six wires broken on one side with 
wire loading as in (8) above. 

All six wires broken with 90 deg. 
angle in line with wire loading as 
in (8) above. 


The above requirements have resulted in four types 


of towers. 


Type A suspension tower will meet re- 


quirements I; type B strain tower will meet require- 
ments II; type C anchor tower to meet requirements 
III and IV; Type D 90 deg. anchor tower to meet con- 
ditions V. The following tabulation gives a summary 


TABLE III 
Vertical Wt. of 
Length Length Height of Separation Cross Depth Tower Spacing 
Top & Bottom Middle Lowest between Section Anchor Including of 
Type Crossarms Crossarm Crossarm Crossarms of Anchor Setting Anchors Anchors 
A 21 ft. 28 ft. 51 ft. 5% in. 12 ft. 3 ft. 2in. by 8 ft. 8900 16 ft 
3 ft. 83¢ in. 
B 26 ft. 6 in. 33 ft. 6 in. 51 ft. 13 ft. middle 4 ft. 1in. by 
to top 4 ft Sin. 9 ft. 9in. 13475 18 ft 
12 ft. middle 
fi to bottom 
Cc 20 ft. 6 in. 27 ft. 6 in. 45 ft. 12 ft. 5 ft. by 5 ft. 714 in. 9 ft. 9in. 13460 18 ft 
D 20 ft. 6 in. . 27 ft. 6in. 45 ft. 12 ft. 5 ft. 2 in. by 11 ft. 6 in. 18610 18 ft 


5 ft. 9 in. 
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of the physical dimensions and weights of these towers: 

To supplement the four types of towers described, 
8-, 16- and 32-foot extensions were employed to be used 
in some cases where obstructions required towers higher 
than the standard towers to obtain clearance or where 
the ground conditions required spans longer than the 
average span. ; 

Type A suspension towers were used for all tangent 


Fig. 12—PHoToGrRapPH OF STANDARD STRAIN TOWER 


towers and angles not exceeding 2 deg. Type B strain 
towers were in general employed for every eighth tower 
position in a straight run and also as corner towers for 
angles up to 15 deg. Type C towers were used at the 
two terminal towers on the land line and also as corner 
towers for angles between 15 and 30 deg. For two 90 
deg. angles in the line, type D towers were employed. 


Fig. 13—PuHoroGrapy oF STANDARD ANCHOR TOWER 
Fig. 12 shows the arrangement of a standard strain 
tower, type B, as given in preceding tabulation. From 
the illustration it will be observed that two parallel 
strings of 10 insulators, each with equalizing yoke top 
. and bottom, are used in suspension position. These 
two strings of insulators, together with the conductor 
clamp, are capable of holding the conductor in case of 
break in the adjacent span under a tension of 6000 lb. 
Fig. 13 shows a standard anchor tower, type C. 
The foundations employed for the transmission line 
are the so-called earth anchors made of galvanized steel. 
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These anchors consist of a pyramid-shaped frame work 
of angle iron with their bases completely closed by 
means of substantial angle iron. The closure was con- 
sidered desirable on account of the fact that the towers 
were to be located on sand and silt river bottom land. 
The use of this type of anchor eliminates the need of 
transporting concrete materials and plant over the right- 
of-way. Bolted steel templets were designed for each 
type of tower and extension to facilitate the leveling of 
the anchors. 
Fig. 14 shows, (1) A group of anchor holes where 
quicksand was encountered, and (2) the general nature 
of the anchors themselves as described above. 
Fig. 15 shows a close-up view of one of these excava- 
tions. The method of handling these wet holes con- 


14—EXcAVATIONS FOR STANDARD TowER ANCHORS 


SHowINnG Type or ANCHORS 


/ 


Fig. 


sisted in shoring the sides of the hole with an open bot- 
tom wooden box. The hole was then pumped out by’ 
means of a portable gasoline driven pump, the boxing 
being driven down as the excavation progressed. The 
bottom was then filled with crushed rock tamped suffi- 
ciently to permit of leveling the anchors. 


Fig. 15—HxcavaTion ProcepuRE ror Wet ANcHOR HoLeEs 


Fig. 16 shows one of the earth anchors in place. 
Most of the transmission line as shown in the foregoing 
illustrations passes through flat bottom land. Fig. 17, 
however, suggests some difficult clearing work through 
densely wooded swamp land. 
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The calculation of long spans with supports at un- 


_gestions and assistance received from Messrs. A. O. equal elevations arises infrequently, and but little has 


16—Ctuose-ur View or STanparD TowER ANCHOR IN 
PLACE 


Fig. 


Fic. 17—Cuiearine Ricut-or-Way THrougH Dense Woops 
Austin, S. W. Bowen, H. O. Hill, J. S. Lapp, Prof. G. O. 
James, S. Stokes, T. Varney and J. P. Jollyman. 


Appendix 

The calculation of the performance of flexible cables 
and wires in equilibrium for supports at equal eleva- 
tions and for short spans may be approximated to the 
extent of employing the parabolic form of equations or 
any one of a number of sets of prepared tables or charts. 
The ordinary tranmission line range of span seldom 
exceeds 1200 ft. and for such spans the values calculated 
by such methods serve all practical purposes. 

However, when the specific problem arises of a long 
span and the supports are so arranged as to be at un- 
equal elevations, and when it is important that certain 
clearances over navigable waters must be maintained 
and a certain stress is not to be exceeded, the economy 
of design and assurance of performance require some 
more rigorous calculation. 


Directrix 


Fic. 18—Grapu ror APPENDIX 


SYMBOLS 
h = horizontal distance between supports. \ 
Xi =horizontal distance from lower support to the vertex of the catenary 


Ea | = horizontal distance from the upper support to the vertex of the 
catenary 


H = air line distance between the upper and lower supports 

V1 ='the height of the lower support above the “directrix” or reference line 
of the catenary 

ye = height of the upper support above the ‘‘directrix’’ or reference line of 
the catenary 

e = height of the vertex of the catenary above the “‘directrix”’ 


s1 = length of the suspended wire from the lower support to the vertex of 
the catenary 

se = length of the suspended wire from the upper support to the vertex of 
the catenary 


1 = total length of the suspended wire 
T; = the tension in the wire at the lower support 


T2 = tension in the wire at the upper support 

d, = sag below the lower support 

= sag below the upper support , 

the difference in elevation between the lower and upper supports 
p = pressure per unit length of wire of wind on the ice covered wire 
wi = weight per unit length of wire of the ice on the bare wire 


Co 
Pe 
idl 


_ we =-weight per unit length of bare wire 


E = modulus of elasticity of the material carrying the stress 
A = cross-section area of the material carrying the stress 
a@ = coefficient of linear expansion fahr. of the material carrying the stress 


been published to indicate the method of solving the 
performance of such spans. 


CALCULATION OF SAG AND TENSION PERFORMANCE 
FOR LONG SPANS WITH SUPPORTS AT UNEQUAL 
ELEVATIONS 


The mathematical curve in which a stretched flexible 
cable or wire hangs in equilibrium is the well-known 
catenary of the form, 


ze 
y = ¢ cosh —— 


F x 
s =csinh ya 
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T apy 
y=s+e 
d =y-¢ 


It can readily be demonstrated that the curve has the 
same general form whether the supports are at equal 
elevations or at unequal elevations. 

When the supports are at unequal elevations, y; and 
y», these formulas may be written as 


H Xe 
Yi=CCcos ois C1 COS ae ae 
C 6 
F Z v2 
Sy = sinh, So = ¢sinh ~~ 
T= Wy; 3 TT. = WY2 
yr = Se + (oes ae Ye = S57 + (6 
d, =yi-—c ; dy =Y2—C 
h=2a+ 2% 
l= s, + 8: 
k=y2.-y1 


From these equations we may then by properly 
combining derive the following formulas: 


ail? ae db? tee (1) 


: h 
2 .Canly sa 
c 


which determines the length of cable between supports, 
and when 
T>., w, hand k are known 
T. 
Ww 


Y2 = > W=Y.-—k 


h SRC Renee I a 
c? cosh “oo Ua Vy? — c*) (y2— c) = 0 (2) 


h = horizontal length of span, or its equivalent 
k = difference in elevation of supports, or its equivalent: 


Fia. 
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Then from equation (2) c may be determined by the 
graphical or trial method, plotting the equation (2) 
as F (c) as ordinate versus c as abscissa. 

It is readily seen from the conditions of the problem 
that o <c¢ < y;, and in general it is found that 0.9 y; 
<c<y;. After the first two trials of c the actual value 
of c for the accuracy desired can be quickly arrived at 
by exterpolation or interpolation and the range of c 
materially narrowed. 
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[—INITIAL DETERMINATION OF CHARACTERISTICS OF 
THE CATENARY UNDER ICE AND WIND LOAD 


The first assumption in calculating any span per- 
formance is usually the one regarding maximum tension 
in the cable when certain ice and wind loads prevail at a 
certain temperature. In the particular case considered 
it was assumed that the maximum tension shall not 
exceed 33,000 pounds at 0 deg. fahr., 144 inck ice and 
a 12-lb. per square foot wind on the ice-covered cable. 
Under this condition the catenary is hanging in a plane 
whose angle, 0, from the vertical is determined by the 
ratio of wind load to weight of bare cable plus ice. 
The values of h and k for the catenary in this plane are 
no longer the same as the physical values of h and k in 
the vertical plane as determined by survey. The one 
physical dimension, however, which does remain con- 
stant is H, the air line distance between the upper and 
lower supports, 
where 

M=ah+k 
The new value of k is the projection of the vertical value 
of k on the inclined plane established by wind pressure. . 
The new value of k is 


ko = k cos 0 
OY (Peed de 
7] Saan; (ee 
the change in k, 6 k, may then be expressed as 
kt+ték =ky 
6k =keos90—k =k (cos@— 1). (3) 
From 
H=+Kh 
2k6k+ (6k)? 
Oh a ey oe ee (4) 


The new value of h then becomes 
2kék+ (6k)? 


ho =h+6h=h— ah 


These values hy and ky) must then be employed in making 
the initial determination of c when the maximum tension 
for a given temperature and ice and wind loading are 
assumed. The equation for the initial determination 
of c then becomes, 


h ee ee 
c? cosh See — 7142.— V(iyr— &) (y2— ce) = 0 


where 
T's, w, ho and ky are known and 
T. 
Y2 = w 
UT Rad) a ko 


With the value of c thus determined by trial the com- 
plete characteristics of the suspended cable at 0 deg. 
fahr., 44 inch ice and 12 lb. wind are readily tabulated. 
See example. 
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II—DETERMINATION OF CHARACTERISTICS OF THE 
CATENARY WITHOUT WIND LOAD 

Using as the basis for the determination of the charac- 
teristics of the catenary when hanging in a vertical 
plane (without wind load) the characteristics of the 
catenary in the inclined plane (with wind load), the 
following differential equations may be set up. 

It is obvious from the previous determination that 
the change in ky and hy must be of the same magnitude, 
but with opposite algebraic sign in order to re-establish 
the plane of the catenary in the vertical when the wind 
pressure is removed. 

Therefore, 6 ky) and 6'ho are known from (3) and (4). 
From 


Yo = Yi + ko 
by. = Oy, + 6 ko (5) 
and from 
y? =s2?4+ Candy? =s?4+ 0 
Hier ( 9) hte ies jee 
Bye A 2 (6) 
Bee ahs Ys) 
Si So 
and from 
Lee ho 
/ 2 — ko = 2csinh De 
Fy ges aoe ee Hitey ea 
oC 


psu ae Body 
¢ 92@2 


+ jee ee eee 5h | (7) 


This equation (7) is 6/ expressed as a function of 6¢ 
where 6k) and 6h» are known, and equation (6), in 
which 6 y2 is expressed as a function of 61 and 6c, may 
now be expressed as a function of 6 c. 

It now remains to express 6 ¢ in some known quan- 
tities so that a solution for the change in y», 1, etc., may 
be had. 

In changing from the condition of ice and wind load 


to the condition of ice load alone a change in w, the unit | 


weight takes place. This change may be expressed as 


6 w. 
=) (Wei Ws)n/ Wee wi)? pe? (8) 
From 
T, =WY2 
6T, = (wt+dw)dy.+y2.6w (9) 


The equation of the modulus of elasticity of the 
material carrying the stress may be expressed as 
Or Benet 


DALAL (10) 
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Combining equation (9) and (10) 


l 
61 = Fy [w+ bw) dy. + y2d w] (11) 

Equation (11), expressed in terms of functions of 
61 and 6 y2, which in turn are functions of 6c, is an 
equation which will give a solution of 6c, 6w being 
known. 

Having arrived at a numerical value of 6 c¢ the numer- 
ical values of 6 yo, 6 y:, 6 1 and 6 T, may now be estab- 
lished. The new values y.’,’y,' l’,c’, and T,’ for a 
given temperature, ice load, but without wind may now 
be tabulated. See example and detailed mathematical 
development. 


ITI—DETERMINATION OF CHARACTERISTICS OF THE 
CATENARY FOR CHANGE OF 'TEMPERATURE— 
IcE LOAD ON THE CABLE TO 32 DEG. FAHR. 


Having resolved the catenary into the vertical plane, 
the values of h and k will be constant for any variations 
of the catenary in the vertical plane. The calculation 
of the characteristics of the catenary for change of 
temperature is introduced at this point in order to be 
able to determine the characteristics of the catenary at 
32 deg. fahr. with ice, which may be found as the con- 
dition of maximum sag. This condition of sag, occur- 
ring as it does during cold months may however not be 
of interest as controlling the clearance over water, since 
during such months ice in the river itself usually is cause 
for abandoning navigation. 

The first equation which may be established for 
change of temperature is the one expressing the physical 
phenomenon of change of length, 61’, due to change 
of temperature, 6 t, 


iy heme Ae 
6¢ is predetermined by the condition which is to be 


a.dt (12) 


- investigated and the known condition used as the basis, 


(In going from 0 deg. 
Therefore, we have 


therefore is a known quantity. 
fahr. to.32, deg; fahr;,6.7, = 32). 
61 as a known quantity. 


From equation (1) 
6c. = 
eee 
Vv (l’ es (k")? ; 
(Gyr is | Y2' +81’ 82 +e 
ce! 


9 «[ eoiaattiae tail Yo! +81'82/— 
Pa Ca 


Ales 

(13) 

From 
(ys’)? = (81’)? + (¢’)? and (yx’)? = (S2’)? + (¢’)? 


c 
s= my , Ogiarihtens ac OGr 


(14) 


6s;' = 6l'’— 6s,’ (15) 
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Cr Cr 
5+ (+7 ) ee’ 
1 2 
6 yo’ = SRN STL ae Ls waa: (16) 
" ae “ 
$1 S82 
6 yi’ = 5 ys’ (17) 
From 
Pet = yw! Yo! 


0 Ts! = w' 6 Ys’ (18) 

The characteristics for the catenary at the new tem- 

perature may now be tabulated. See example and 
detailed mathematical development. 


IV—DETERMINATION OF CHARACTERISTICS OF THE 
CATENARY FOR THE BARE CABLE, ICE LOAD REMOVED 

At any given temperature when ice prevails the 
characteristics of the catenary without ice load may be 
determined by applying the equations which follows: 

The plane of the catenary under this condition is in 
the vertical so that h and k are constants. 

The removal of the ice load is a change in weight, 
6 w’; so that we have as known 

dw” = We — (We = W3) SE (19) 

Equation (16) is repeated, holding true under the 

conditions in this section, as 


(20) 


Equation (9) is repeated holding true under the con- 
ditions in this section 


6 Shee —s (w" + 6 w”) 6 Yo" + Yo" 6 ap” (21) 
and Equation (11) may be repeated 
61 we EA [(w” ae 6 w") 6 pet + Yo" 6 w | (22) 


Similarly equations (14), (15) and (17) may be em- 
ployed in this section by properly noting the change 
from the use of the prime values to the use of the second 
values. 

The characteristics of the catenary at the tempera- 
ture considered for the bare cable may now be tabu- 
lated. See example and _ detailed mathematical 
development. 


V—CALCULATION OF THE CHARACTERISTICS OF THE 
CATENARY FOR THE BARE CABLE AT VARIOUS 
TEMPERATURES 

Having"determined in Section IV the characteristics 
of the catenary for the bare cable at a particular tem- 
perature, it now remains to determine the character- 
istics of the catenary at various conditions of tempera- 
ture in order to have the complete performance of the 
catenary so that the stringing sag may be governed 
during installation in order that the clearance at maxi- 
mum temperature, which will occur during navigation 
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season may be maintained and maximum tension not 
be exceeded when the ice and wind load come on the 
cable. 

These characteristics may be determined using the 
characteristics oi*the catenary for the particular tem- 
perature as determined under section IV, and applying 
to them for various values of 6 t the equation indicated 
in section III. See example and detailed mathematical 
development. 

Remarks. It is to be noted in the development as 
indicated in detail that in most cases differentials of 
higher than the first. order have been neglected. In 
two instances differentials of the second order have been 
included where their values were appreciable. The 
first and most important point at which the differential 
of the second order must be preserved is in the cases of 
changing load. 

From 
ds = WY>2 
(w+ 6w) (y2 + 6 yp) 
T, +67: =wy2twbyetydwtdw.b yer 
By subtraction 
6T, =wiyet+dwby,+ydw 
(w+dw)dy2+ ydw 

6 w.6 Y2 1s of the second order and is not negligible, 
for although 6 y2 is relatively of small value compared 
to yz, 6 w we know to be relatively large in comparison 
with w. When changing from ice and wind load (3.322 
Ib: per ft.) to ice load (2.623) 6 w is — 0.699 Ib. per ft. 
and represents approximately 21 per cent of w. Simi- 
larly when removing the ice load 6 w is — 0.939 lb. per 
ft. and represents approximately 35 per cent: of w. 

In determining hy and ky for the catenary in the in- 
clined plane (6 k)? was preserved while (6 h)? was 
dropped. In this case 6 k is approximately 21 per cent 
of k so that (6 k)? has appreciable value. 

It is to be noted that after the initial solution by trial 
for c that the formulas have been resolved into forms 
which do not contain hyperbolic functions. Although 
tables of hyperbolic functions are available it has been 
found that where eight place accuracy is required the 
use of hyperbolic functions from tables is about as 
cumbersome, due to interpolation, as arriving at the 
functions by means of the necessary number of terms 
from the series expressing the desired function. Eight 


-place accuracy is required in order to preserve reason- 


able accuracy at certain points where differences are 
taken. Where hyperbolic functions have been replaced 
by an algebraic expression in these formulas the expres- 
sion is exact for the conditions which exist. 

At any point in the calculations the following check 
may be applied, which may be taken as a check on the 
accuracy of the method developed. 

fhe ey 6 a. + AUS = w Yo" 

This check applied in the example given shows that 
the error is less than 0.001 of 1 per cent for the tension. . 

It is to be noted that in the calculated example that 
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the change of temperature to 32 deg. fahr. with ice and 
wind was performed before the wind load was removed. 
This was done as a matter of convenience in order to 
find the condition of maximum sag early in the arith- 
metical calculations. The order of applying the 
various sections in determining span performance may 
be arranged to suit the convenience of the calculator in 
order that any particular point of interest may be ar- 
rived at quickly. 

Experience indicates that the calculation of the span 
performance by this method involves little or no more 
work than by more approximate methods. 

COMPLETE MATHEMATICAL TREATMENT 

General. Formulas for the symmetrical catenary 
(supports at equal elevations). . 


x 
y= € cosh — 
Cc 

: x 

$ = c sinh — 


= 
T = we cosh = WY 


x 
c? cosh? = 


~ 
i<) 
I 


$ OE 
Cc sinh’ — 


y=asesxt+e 
y—c 

The formulas for the unsymmetrical catenary (sup- 
ports at unequal elevations) may be written as follows, 


x 
y:1 = ccosh ae 42 = ¢ cosh =e (1) 

x 
$; = ¢ sinh ao Ss. =csinh —— (2) 

c ( 
Ti =wyi , T, = Ww Y2 (3) 
Yo = sete 3 ye = 82 +C (4) 
adi =4Y41— Cc ; ds i SNe (5) 
h = 2 + & (6) 
b = 8 + 8 _ (7) 
Yo=yitk (8) 
dy = dy + k (9) 

P =s?+4+ 52 +2581 82 
: v1 é Le 

= yv—C+y2—c? +2 c? . sinh aoe sinh er (10) 


or 
cosh a cosh fe 


EALES AND ETTLINGER: MISSISSIPPI RIVER CROSSING 


391 


x L2 . z 3 Le 
= cosh —— . cosh —— + sinh ——. sinh — (11) 
c c c c 


X71 


Lo h oe x 
sinh . sinh ——=cosh—— cosh—— . cosh-—— (12) 
c c c c 


h 
a =y2 + yy — 20 + Ze. cosh — 


Lo 


v1 
— 2¢.cosh ~~ .¢. cosh 
h 
= ys8— 2m + ut +20 (cosh — ~ 1) 
h 
= Gn ny? + 26 (cosh — - 1) 


h 
= +20*( cosh — 1) 


h 
P— k? = 2¢(cosh— ~ 1) (13) 
h— = n2(>-)=1 pee ele 14 
cosh — = cos a¢ J = it 2sinh’ 5; (14) 
bh = 20(1 + 2sinh? = ar) : 
= 4¢?. sinh? a 
cara ee (15) 
a/ — k= 2¢.sinh —— 


I. DETERMINATION OF CHARACTERISTICS OF THE 
CATENARY UNDER MAxIMUM ICE AND WIND LOAD 


T., w, h and k are known. 


See _P__) 

0 sia (ae 
ko =.& cos 6 

k+éok =ko 
6k =k (cos 6 — 1) (16) 
HM =h+k 


6 (H?) =0 =2h.6h4+2k6k+ (6h)? + (Ok)? 
(6 h)? is negligible 


Okbk + (6H 
Oh 


h =h+6h 
T» 


(17) 


? Yi = Y2— ko 
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From (11) 


c? . cosh 
c 
_ v2 2 v1 : Xe 
eee cosh~ +¢. sinh Rs sinh 


Ly 
=. cosh 
Cc 


ho 
Cc’. cosh —— = Yi Yo + 81 Se 
= Yoyo V yr —') (os — C) 


i ee 
c? cosh <iq — V(yi—¢)(yi +e) (ys—¢) (yote)—y! y? =0 


(18) 
Solve by trial for c 
Obviously 
Ore 
In general 
HOY OR 
At maximum ice and wind load (Maximum Tension) 
d» = Kb 
dy = d,— ky 


V (yi— €) Yi + €) 


Ss = V (Y2—¢) (9%2+C) 
L = 8, + 8 


Si 


II. DETERMINATION OF CHARACTERISTICS OF THE 
CATENARY WITH IcE LOAD, WIND LOAD REMOVED 


6k,y =—6k 
6 ho =—d6h 
From (8) 
dy2 =O0y1 + 6 ko (19) 
From (4) 
tae Y2O Yo = 25268. +2c6c¢ 
2 yO yi = 25,685, + 2cdc 
Y26 Ys = 8S. 6 S.+cdc (20) 
yiO0Yi = 8, 6 & +cbc (21) 
Substituting (19) in (21) 
Yi (6 Y2— 6ko) = 8168, + c6c¢ 
Yi:OY2 =8:68, +cbc+y16 ky (22) 
From (20) 
Se = 058» (23) 
From (22) 
c 
=88,+——be+— bho (24) 
Si Si 


Adding (23) and (24) 
Gra 
Si 


Cc Cc 
=dt0%+(— + )oc+ on, 


a So 5 Ye 
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From (7) 
61=68,+ 68. 
SP Bett gen oe : ) oc 
Si Si So 
6 = i 5 (25) 
eee tes | eee 
$1 So 
From (15) 
LOl— kod ko 
Vee 
= (2sinh* cosh") 6 c-+cosh 3-5 
= sin Simran cos a c+cos Q¢ 0 
ae ky b ko ON ets 
l i 
( ; ho ho ho )a ho 
[ 2sinh > ~ De e+cosh 5 o Oho 


: ho 2s oe ie 41 + fe ) 
i Shee De = sinh “("=* r = ae 


= 4 i (cosh oa 1) 
2 ¢ 


x 
ae 


¢. sinh———_-.¢.- sinh 
¢ 


ane =, Yi Y2 + 818,— 
2¢ 2¢ 


By similar expansion 


h fhe 
cosh 3 = = 


trae yee ae 


[ (2, eeetererme Y1 YotS1 S.-C 
2¢ 


ho J Yr Yotsi Sote? 
c 20 


re 


Y:y2 t+ Si82+ 
pa easy | 26) 
jee 27 
i ae cae 
From (3) 
5T, = woyJt yodw+t+dwiys 
=(wt+dw)dy.+ydw (28) 


a/ (We + Ws)? + 2" 
wtédw =u. +; 
bw =w.+wi- 


S 
I 


V/ (we + ws)? + p? (29) 


April 1925 EALES AND ETTLINGER: MISSISSIPPI RIVER CROSSING 393 
(25) may be expressed as From (25) 
dy. =a+bic (30) ¢’ c! 
and (26) may be expressed as rene ess ( Sa - Sy’ ) oe 
6l =e+fbe (31) Ue Se ee oe Sy) 
Substituting (28), (30) and (31) in (27) Ge ae 
E L[(w+odw)a@t+bdc)+y6v] 32) From (3) 

3 A(e+féc) 07s’ = wd ys’ (38) 
EA(e+féc) From (23) 
=law+lbwictladbwtlbiwictly.dw y c’ 

0.85) = 0 Yo’ — OG 39 
(EA f—lbw—1bdw) de Be Beane 3's": GH 


=law+laédwt+lydiw—EHAe 


la(w+éw)+lydw—-HAe 


HAf—lb(w+déw) 
The value of 6 c derived from (33) when substituted 
in (23), (25), (26) and (28) will give the values of 
6 So, 6 Yo, Oland 6 T. 
The new values of yo, y:, ¢, l, 82, $1, T2,h and k may 
now be tabulated. 


06 = 


(33) 


Yo’ =Y2t oye 
k’ =k +6ky 
Yl = Yo!’ — k’ 
Yo - =i+6l 
So’ = Se +0 82 
Si! =' [>— s,! 
C i =.0 0-0 
To’ = T,+6T, 
hb’ =h+6bho 
divi > yah sie’ 
Oy =a ne! 
we=wtdw=wuw.t+w: 


DETERMINATION OF CHARACTERISTICS OF THE 


TEI: 
CATENARY FOR CHANGE OF TEMPERATURE. ICE 
LOAD ON THE CABLE TO 32 DEG. FAHR. 
w’, h’, and k’ are constant in this section. 
0h = 0 and ok = 0 and 6m = 0 
ol =a é.t (34) 
From (26) 
Se ee Vf =k)? (ae Ys’ Yo’ + 81’ 82’ — (c’)? 
As 2G)? 
oe hes ei Yr’ Y2’ +81’ 82’ + (¢')? ) dc’ (35) 
c’ okt) 
Ba EY ts 
; v y= ky 
tc = ay Yr! Yo" ah oye, (c’)? 
akeoe 
6 l’ (36) 


+ 81’ 82’ + (c’)? 


by ere ak Valack k Eatlc Yo" 


2 (¢’}? 


By the successive operations indicated in (34), (35), 
(36), (37), (38) and (39) the values of 61’, 6c’, 6 yo’, 
6 T.’ and 6 s,’ are established. 

The new values of ys, yi, ¢, l, so, $: and T, may now 
be tabulated. 


Yo" me Yo! + 6 Yo! 


hie Shy eee! 
rae | 
82” = So’ + 0 82’ 
Sy =U sD 

ef =e 0" 
LT,’ = T,’ + 6 To! 
dy! = ys" — 0c" 

dy” = Hi — ce" 

h” =h’ 

hie = ie 


IV. DETERMINATION OF CHARACTERISTICS OF THE 
CATENARY FOR THE BARE CABLE, ICE LOAD 
REMOVED 

h” and k” are constant in this section. 
eo RO Dk) 
w" +dw” =w, 
6 w" 


= We. — We — Wi = — Wi 


From (25) 


aay ae 
From (26) 


ee nr ae ALS 
ROTC ON eee ea 


2 (c")? 
h’ \ yi" Yo" =i ee 3," oe c} ) 
= or —. 


2 (c”) 


7 6 (ou 


(42) 
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KS ; 
; 4/ (i)? a (k")2 
NN la } ” ” aH 8 ” 8 " (c”)? 
2 Yi Yeo i SB os 
7 (42) 
ef h < yy" Yo! a $1" So! 4 (c 2 
rod D (c” 5 
From (28) 
6 fh == (w” oo 6 w") 6 Yo" + ye" 6 w"” (43) 
From (33) 
: j” yo! 5 w" 
dc” = E Af — I’ po" (w"” + 5 w”) (44) 
From (23) 
Yo" c! 
Os; = = 6 yo” — Peis 6c” (45) 


The value of 6 c” derived from (44) when substituted 
in (40), (41), (43) and (45) will give the values. of 
6 y2",61,",6T,” and 6s”. The new values of yo, yi, 
c, l, So, $;, and 7’. may now be tabulated. 


pet = You Sy hu 
y’”’ aie =f. 6 I’ 
Sore = Sou _ 6 Sau 
it Se 9y/%4 
ce!!! =e! ae 6!" 
Titer is Tt Et 6 Tet 
da!!? = pe = gt 
Ge? = Wee cll! 
Gp eee G Hh) 
oe =! ut 
wl!’ w" = Os We 


V. DETERMINATION OF CHARACTERISTICS OF THE 
CATENARY FOR THE BARE CABLE AT VARIOUS 
TEMPERATURES 

This section is the same as section III, except that 
the weight of the bare cable is employed, the ice load 
having been removed in the preceding section. The 
following formulas are given for the sake of com- 
pleteness. 

w''’,h’’’, and k’’’ are constant in this section. 

Pe W uean et Oh = Onand ake! = (0 


From (34) 
Oy ie eo. F (46) 
From (36) 
ir 
i vw" = (b'? 
6 ¢ a ‘tt vit LET wit ttt 
2 Ue Ba Bin Bo — (OC Ne 
2 (e'"’)2 
On’ (47) 


; [Pe iia ee Bes 
h Ue a a ee 


— cl"! 2 (e!!")2 


EALES AND ETTLINGER: MISSISSIPPI RIVER CROSSING 


Transactions Aw le tia be 


vie (pee! As 
au + ( ee = Se ) 5c 
ttt 1 2 
6 Ye = mr yr (48) 
Y1 te Y2 
“§,/7" Se 
From (38) 
6 Te = w''! 6 Ea (49) 
From (39) 
yo th I et BEA 
6 3! = me 5 yal! m4 ae 5. aa (50) 


By the successive operations indicated in (46), (47), 
(48), (49), and (50) the values of 61’, 6c’, 6 y2’”, 
6 T,’’’ and 6 s,'”’ are established. 

The new values of yo, yi, ¢, 1, S2, $s; and T,. may now 
be tabulated. 

okies = pn!" + 6 ail? 
Tee = ysitt See yet # 
eae — Rae fe 6 [Hee 


Soa 4 Sone + 6 ye 
Sree = ae = gyfve 
(pees — (Qe + 6 (ples 
fa as Peas + 6 EP 
fief" = Bx aa gel hee 
Cle = yy" - Coe 
fe ro h’ 

fetes = k! 

Teed — ens == (}). 


Calculation of River Crossing 


SPAN 4279 Fr. Maximum TENSION 338,000 LB. 
0 DEG. FaHR. 1% IN. ICE AND 12 LB. PER Sa. FT. 


AT 


WIND 
Cable Data 
Size. . |. see et: Ree 318,000-cir. mil, A. C. S. R. 
Stranding waves. eee, 24 x 1151 Aluminum 


. 43 strands various size steel 
Steel core stranding 


Number of Strands Diameter 
1 0.127 in. 
6 0.120 in. 
6 0.052 in. 
ils 0.115 in. 
1S 0.112 in. 
Over-all diam. 0.804 to 0.810 in. 
Total sectional area (A) 0.3952 sq. in. 
Wt. per ft. 1.386 lb. 
Breaking Strength 64,000 Ib. 
Diam. of complete cable-overall 1.036 in. 
Elastic limit of complete cable 53,500 lb. 
Breaking strength of complete 
cable. yy accents eee ; 67,600 in. 
Modulus of elasticity (EZ) for steel 3 x 10" Ib./in.? 


For steel core alone HA... 11,856,000 lb. 
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Vertical Horizontal 
Dead Dead + % in. Ice 12 tb. Wind 
Weight, lb. per ft... 1.684 2.623 2.036 
Resultant 


Dead + % in. Ice + 12 lb. Wind 


Weight, lb. per ft.... 3.322 


The calculations which are to follow will be based 
upon the assumption that all the stress will be carried 
on the steel core only. 


At 0 deg. fahr., 14 in. ice 

+ 12 lb. wind k= 185.6) *h = 4279. 
T. = 33,000 6 k=k(ecos @—1)=—38.64 
WW =S.o22 
ho = 4280.50 2kdk + (6k)? 
ky = 146.86 h=- ay ae 
Ge = "9958.10 
Yi = 9786.91 =51.50 


Determine c from 


h = 
eecosh ——— = V Yi — 7) Yr — C8) — 41. ¥2 = 0 


Let c = 9620 .00 9615.00 9616.00 9615.44 
(1) 2. cosh 101,858,646 101,762,630 101,781,830 101,771,077 
(2) 
V (yi? —c?) (y2—c?) 4,458,003 4,559,017 4,538,836 4,550,139 
ho) Cito DG coe eres 97,220,913 97,220,913 97,220,913 97,220,913 
(4) @) =F Bynes cx 101,678,916 101,779,930 101,759,749 101,771,052 
(¢:) a @ © tne ¢ > ee 179,730 —17,300 22,081 PA) 
The value of c = 9615.44 
force = 9615.44 
8; = 1923.99 
8. = 2494.61 
Ll = 4818.60 
At 382 deg. fahr. 1% in. ice and 12 lb. wind 
On waning. Ob. : 
‘a = 0.00000662 
Od) -=132 
61 = 0.91485222 
1 
. / 2 — ke 51 
ie OR Fee aa DIRE 
\ 20 ¢ 2.C2 
eee anitiien 
Nesey ae ASG 102 erie, 
oe W142 + 8182—C _ 9 44997498 


2c? 


ho Y1 Y2 + $182 + C? - 


2 ot (0.44518711) (1.0248763) 
c c 


= 0.45626173 
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(1.0005787) 6 1 


6 ¢ = 9 44887198 — 0.45626173 ~ 


— 123.87180 


5 * e ( Si ‘ S82 ) ¢ 
Y2 oe ( on ti Yo ) 


Sj] Se 


__ 0,91485222 + (5.2716517 +-3.8544863) (— 123.87180) 
a (5.3656599 + 3.9820934) 


6 y2 = — 120.81580 
6T, = wb y2 = —-401.35 
= $2598.65 
Y2’ = 9812.96 
y:’ = 9666.10 
k= ko. = 146.86 
h' =h, = 4280.50 
EO = 9491 57, 
(ee =a POO 
Si. =" 1826.01 
San = 2400.64 
Uh = 3.022 
At 82 deg. fahr. 1% in. ice, no wind 
6. = — .699 
Ome 38.64 
Oh!’ 2) "25.50 


, Yo! +81’ #/= (c’)? 


2 (c’)- 


6 l’ 


Joie SENT LN 
h! a | a wel bo ay He yr! Yo! +81' 82 os! us’ tan' s+) 5 
Pod Casi 


Yr’ Yo +81" st ia) 6h’ 
- ( \ 2 (c’)? | 


' = 1.3137301 + (0.99942192) 


[(0.45482378 — 0.46249362) 6 c’ + 1.5382983] 
61’ = 0.2245682 — 0.007665406 6 c’ 


Cc 
* 61 rol Read 
YS uy 3 a 
Sy So 
6 Yo" = 
— .2245682— .007665406 6 c’ + 204.22343 + 9.000750 6 c’ 
9.2252205 
6 Yo’ = 22.1138169 + 0.97483691 6 c’ 
Oy1' = by.’ — 6k’ 


6 y1’ = — 16.526831 + 0.97483691 6 c’ 


EA 
(w’ + 6w’) 6 yo’ + yo’ .dw’ 


Ol” = -OT’ 


et APRs = 


396 


/ 


6 = a Uw! + 8 w") bye’ + yr’. 6 w)) 


4319.51 
11856000 


[ (2.623) (22.113169 + 0.97483691 6c’) + (9812.96) (— .699)] 
= 0.00036433114(58.002482 + 2.5569972 6 c’— 6859.20) 
— 0.2245682— 0.007665406 6 c’ 

=—2.4779094 +-0.0009315837 6 c’—0.0085969897 6 c’ 
= — 2.2533412 


— 0.2245682—0.007665406 dc’ = 


dc’ = 262.10816 


6 Y2’ = 277.63 
6 yi’ = 238.99 
dl’ = — 2.28 
aL oe re eg Aces 
OS) = 81! OY1 31! c= 97.19 


6s.’ = 6l'’—68,' = 94.96 
6T.’ = (w’ +6 w’) 6 yo’ + yr’ Ow’ 
= (2.628) (277.62588) + (9812.96) (— 0.699) =— 6181.50 
T 2” = 26467.62 


y”" = 10090.59 Sag below upper support 
yi" = 9905.09 da.” = yo” — c” = 336.91 
RY = 185.50 Sag below lower support 
h” = 4279.00. d;” =y’ — ce’ = 1b1 Al 
c” .= 9753.68 
hile at Las: 
S = 1731.68 
Sn 2060.00 
WO" = 2025 
At 32 deg. fahr. no ice, no wind 
dw” = — 0.9389 
51” . VJ (l’)2— (k”)? (2,/ yi" Yo" ae $1" Se” +e (c”)? 
[’ 2(c")? 
h” | yi" Yo" 5 Syl ot oe (c”)2 ) on 
c! 2 (c”)? 
6l” = — 0,00722691 6 c” 
11 ec” 
a eee) tc 
s s 
6 Yo" y uw y 
-. a + 
Si So 
6 yo” = 0.97662108 6 c” 


6 TM = (w” =f 6 w") 6 Yo" a yo" bw’ 
= 1.6446299 6 c” — 9475.0640 
|’ 


Agee 


& 
SS 
Il 
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4317.28 


—0.007226916c” = Sen, ,, (1.6446299 6 c”—9475.0640) 


11856000 


= 0.00059888 6 c” — 3.4502787 


dc” = 440.88562 
6y2” = 480.58 
61” == vs3A9 
6s," =— 20.40 
6 8_"” = 172 
67,” = 8749.97 


T= TTAB 

yo" = 10521.17- 

yi'’’ = 10855.67 Sag below upper support 
185.50 d2’’’ = yo'’’— e'”’ = 326.60 
c'” -= 1019457 
4279.00 
4314.09 
sy =a Ze 
sy’ = 2602.8) 


Calculation for various temperatures with no ice or 
wind loading. Basis 32 deg. fahr. no ice, no wind. 


BU =U" edt 


~] 
~ 
~ 
~ 


Sag below lower support 
Oa ge — yy — (pl 3 141.10 


eel 


/ (i202 pak. (ee oe 


NRA ae 
9 \ Be ae Pa ees ae Ie 
2 (ev) 3 
aa 
7 cl"! rae ey 
6c’ =—-150.14441 .-61’’’ 6 l’’’ =— .006660255. 6 c’”’ 
ir tr ; 
a a Coes eS Se wr 
ages Gm 
Ye ae ye Yo! 
Pa go!!! 
5 yo!’ = 0.97872241 . 8c!” 
6 so!" Yikes wr mee yr 
So == $9!!! 6 Y2 =v gol!" dc 
6 s2/"’ = 0.0394556 6 ¢’”’ 
5 $f" Sail! tices gf"! 


6 f berate = ww 6 Yai" 
6 7T,/"’ = 1.6481685 6 c’’’ 
a = 0.00000662 


l.a = 0.02855927 


——— 


April 1925 


EALES AND ETTLINGER: MISSISSIPPI RIVER CROSSING 39 


“I 


TEMPERATURE FAHR. 


32 deg —20 deg. 0 deg. 20 deg. 40 deg. 60 deg. 80 deg. 100 deg. 120 deg. 
bt 0 —52 —32 —12 8 28 48 68 88 
Pip hee (0) —1.485082 — .913897 — .342711 . 228474 . 799659 1.370845 1.942030 2.513216 
ene 4314.09 4312.60 4313.18 4313.75 4314.32 4314.89 4315.46 4316.03 4316.60 
nel 0 222.976 137.066 51.456 —34.304 —120.064 —205.825 —291.585 —377 .345 
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del = yo!’ —c'’" Sag below upper support 
d\’" = y;"’" —c’’”’ Sag below lower support 


Discussion 


J. S. Martin (communicated after adjournment): I have 
been especially interested in the authors’ methods of caleu- 
lation of the sags required in the wire, as this is a subject of 
which I have made considerable study. In the proceedings 
of the Engineering Society of Western Pennsy!vania for Novem- 
ber 1922, I published a tabular method of caleulating sag in- 
eluding a set of tables giving the functions of the catenary in the 
same manner that the ordinary trigonometrical tables give the 
functions of the circle. By means of these tables the sag re- 
quired for any span and any wire can be quickly and accurately 
determined when the span is level. For the calculation of spans 
on the slope, the writer has resorted to an approximate method 
which givés results as close as the work of sagging can be done 
in the field and in nearly all cases the slight error is on thefsate 
side. 

The accurate calculation of the sag of wire in a span where 
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the supports are not on the same level is a long and tedious 
process for an expert mathematician even when assisted by 
these tables, so that for general use in transmission-line work 
the accurate method is impractical. The computations pre- 
sented by Messrs. Eales and Ettlinger have afforded the writer 
an opportunity to compare results with his method. 

The method used by the writer for general caleulation of sag 
in sloping spans is to take the difference between the level 
measurement of span between the points of support, and the 
actual measurement between these points of support. This 
difference equals Ri in the accompanying diagram. Then add 
this difference to the actual distance between points of SHOT 
and use this value as an equivalent level span. 

A marking point is then placed on each tower at a distance 
from the point of support equal to the sag H, of the equivalent 
level span. See a and bin the diagram. A line of sight a— 6b 
is taken between these two marking points, this line of sight 


being parallel to a line joining the points of support. The wire 
is then sagged till it strikes this line of sight. 

If the wire would hang in a parabola, a similar method could 
be used, using the level measurement between the points of 
support as the length of span and the results would be accurate, 
but since we assume that the wire is hanging in a ecatenary, 
there must be a correction, and the method mentioned above is 
the one used by the writer to obtain this correction. No mathe- 
matical demonstration can be given by the writer for this 
method, except that it is the result of a long series of test problems. 

The caleulations for the sag of the wire in the span under 
consideration ean be obtained by the tabular method in an hour 
or less of work and the computation can be entrusted to an 
apprentice or office boy. With the method presented by the 
authors of the paper under consideration, the calculations will 
take a long time and must be made by an expert mathematician. 

The writer has compared the results obtained by the two 
methods and it was found that they differ in giving the elevation 
of the low point of the wire by about 2.2 ft. In order to cheek 
the aceuracy of these results the writer calculated the exact 
location of the low point of the wire at zero temperature. It 
was found that while for zero temperature there is a difference 
of 2.19 ft. between the results obtained by the two methods, the 
exact method gives a result between the two, giving an elevation 
of 0.73 ft. above the elevation given by the method presented 


in the paper and 1.46 ft. below the elevation given by the writer’s 


method. This would show that the error of the writer’s method 
is about 0.45 per cent while that of the method given in the 
paper is 0.30 per cent. This pereentage is based on the maxi- 
mum tension in the wire as strung according to the two methods. 
This happens to be one of the few cases where the writer’s 
approximate method for sloping spans would give a stress slightly 
in excess of the theoretical stress desired, but the results are well 
within the limits of the probable errors in field work and in the 
assumptions with regard to the quality and characteristics of the 
wire used, so that this error is negligible. ' 
Where it is necessary to know the elevation of the low point 
of the wire for determining clearances, the writer has found the 
following parabolic formula sufficiently accurate for practical 


purposes. 


Let, H = sag as determined for the equivalent level span 
as previously explained 
E = difference in elevation of the points of support 
= deflection of low point of wire below lower support 
Then, 
= (1/H) (H — B/4)2 


In our office, a large part of our routine calculations for sags 


‘in wires are entrusted to an office boy to do in his spare moments. 
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The tabular methiud is so well adapted for the use of a ealcu- 
lating machine, such as the Marchant or Monroe, that it is no 
trouble at all for any person who is ordinarily careful to deter- 
mine quickly the proper sag in the wire even for important spans. 

E. Ettlinger: The solution of the specific engineering 
problem of this river crossing, due to the nature of the profile, 
produced two adjacent long spans. The desire to avoid dead- 
end construction, influenced the use of insulating supports in 
suspension on the intermediate tower. Initially, consideration 
was given to a roller-cradle type of support which would allow 
the eable to roll from one side to the other with changes of 
temperature and loading. Numerous objections were found 
to this type of support, the most serious of which was the danger 
incident to the dropping off of ice in one span while the ice 
remained on the adjacent span, resulting in the decision to elamp 
the cable definitely. 

The clamping of the cable at the intermediate tower and 
supporting it by suspension assembly of insulators introduced the 
problem of the stress in this support due to temperature and 
loading variations. Caleulations indicated that the suspension 
assembly would not vary from the vertical by more than approxi- 
mately 5 deg. Although the suspension assemblies were de- 
signed for one-half the ultimate strength of the dead-end as- 
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semblies, the actual component of force in them would not reach 
an excessive value. 

The authors are aware of the fact that there are numerous 
noteworthy tabular and chart methods of calculating spans with 
supports at equal elevation. Also that various approximate 
methods are in use by which spans with supports at unequal ele- 
vations may be calculated. 

The importance of the problem involved in crossing the largest 
and most important navigable river in this country, itis believed, 


warranted the development of a direct method of calculations 


for spans with supports at unequal elevations. The expense 
and time required to make these calculations are really insignif- 
icant when it is realized that the design and construction of a 
crossing of the Mississippi River with the rigid requirements of 
clearance as specified by the War Department involves con- 
siderable responsibility. 

-Problems of this magnitude arise but infrequently and are 
hardly to be classified as a matter of routine calculation. The 
method was developed for the specific purpose of assurance of 
span performance and as a check on less accurate and empirical 
methods. The method of calculation illustrated in the paper 
should not consume more than three or four hours to complete 
after one is familiar with the procedure. 


Automatic Control for Substation Apparatus 
"BY WALTER H. MILLAN! 
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Synopsis.—The use of automatically operated stations has 
become quite general over the country, but as the development has 
been very rapid, and the engineers involved so busy with their 
individual problems, very little has been accomplished toward the 
pooling of ideas and experiences. 

This paper outlines some of the more important problems being 
encountered in automatic development such as the need for auto- 


HE engineering profession has been presented with 
many papers and reports covering the field of auto- 
matic operation, but in almost every case an at- 

tempt has been made to describe some particular instal- 
lation and, as is most natural, the author, whether 
manufacturer or operator, brings out all of the clever 
and agreeable points that he can find. This is very 
creditable but it is felt that the development has reached 
a stage where the injection of some pessimism would 
seem to inspire faster progress. The highest developed 
is the railway class, being the first to be attempted. 
This class rapidly came to its present high state of 
development, principally because of its simplicity. In 
railway operation, very low load factors are encountered 
thus avoiding, at least to some extent, temperature 
troubles with their attending ventilating problems. 
Also, voltage regulation is more or less rough and dis- 
tribution system resistance high, lowering the precision 
required in regulating devices and making parallel 
operation of machines and stations fairly easy. 


1. Union Electric Light & Power Co., St. Louis, Mo. 
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matic fire protection in the stations, the necessary future develop- 
ment of thermal protective devices, voltage regulating devices, etc. 
Particular stress is laid on the fact that, while we have some problems 
which we presume’ have been worked out, some of the solutions are 
far from perfect. 

This paper is prepared in a manner which, it is hoped, will bring 
out many valuable ideas in its discussion. 


The next highest developed is the alternating- 
current transforming and distributing substation. 
Again we have simplicity, in that there are compara- 
tively few functions, the operation of which actually 
had to be automatized; the balance being only a matter 
of finding sufficient courage to close and lock the doors 
on equipment which had previously been operated 
with an attendant to watch it. We have had the auto- 
matic induction regulator for a good many years but 
always with someone close by, and while there is no 
reason why, it should not be trusted to operate without 
a guardian, the author confesses that he had some very 
anxious hours during the first few weeks of such opera- 
tion of equipment for which he was responsible. There 
are only three other automatic operations of a major 
nature in the average station of this class: First, the 
automatic switching of supply circuits, not hard to ac- 
complish unless automatic synchronizing is required: 
Second, the automatic reclosing of distribution circuits 
on trouble, which detail varies in complexity with the 
class of service. At the outside, the problem requires 
the application of only four or five relays or devices 
per three-phase feeder over and above the standard 
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apparatus which would be present if the station had an 
attendant. The third is water control and is present 
only where transformers and similar equipment is 
operated ‘‘water cooled”’ over peak-load periods. This 
is a simple function and is usually given a passing glance 
only notwithstanding the fact that it is of the highest 
importance. 

The third and least developed class is that of supply 
stations to heavy Edison system networks where ex- 
tremely low system resistance is encountered, close pre- 
cision is called for in voltage regulation and an inter- 
ruption to service is an unpardonable offense. The 
author will not attempt to discuss weak points in the 
automatic railway station field as he is not qualified to 
do so from. the standpoint of experience. Therefore, 
the following discussion will cover the other two classes 
only. 


CLASS 2—AUTOMATIC A-C. DISTRIBUTION AND 
TRANSFORMER STATIONS 


There are a great many of these stations in successful 
operation and almost every one of them has some 
specific points, good as well as unique. Usually these 
points are emphasized almost to the exclusion of others 
of equal importance; for example, we may find a station 
in which a great deal of effort and money has been con- 
centrated on the automatic operation of its supply cir- 
cuits to prevent the possible loss of supply power due 
to failure of supply circuit. This is accomplished by 
automatic transfer devices to keep power on the station 
bus as long as one of its supply circuits is alive. In the 
same station we may find only a single transformer unit 
supplying several important distribution feeders, no 
provision having been made to save the day if, by any 
chance, the transformer should fail. Frequently this 
transformer depends on cooling water to carry it over 
the peak and we find that there is but one source of water 
supply; or, if there are two, they are not automatically 
“changed” in event of failure. The conventional way 
to protect such a transformer against sustained overload 
is by means of the well-known thermal relay which is 
supposed to possess the same relative heating and radia- 
ting characteristics as the transformer, and so adjusted 
that full load amperes will permit the unit to stay on 
continuously but approximately 25 per cent in excess 
of this amount tripping the transformer off the line in 
thirty minutes. The exact principle of the operation 
of this device is usually only partially understood by 
the man who actually locates it in the station and upon 
this point depends its real utility. To be consistent, 
this thermal relay must undergo exactly the same abuse 
and benefits regarding ventilation that the transformer 
suffers and it can be seen that, should the thermal relay 
be so located that its heat is dissipated by a draught of 
cold air from a ventilator or by conduction to a wall on 
which it may be mounted, it may fail to protect the 
transformer. The manufacturers have recognized this 
liability and generally provide a thermostat submerged 
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in the transformer oil, which trips off and locks out the 
transformer if the oil exceeds about 85 deg. cent. This 
would probably save the transformer (but not the serv- 
ice) if the overload was approached slowly so 
that too great a drop in temperature between the “hot 
spot’’ and the oil was not in evidence, but, if a sudden 
overload appears after many hours of very light load, 
when the oil has cooled to a very low temperature, the 
oil with which the “‘hot oil” thermostat is in contact 
may be 50 deg. cooler than the ‘‘hot spot’ and the ther- 
mostat quite useless should the thermal relay fail 
to function. The above would indicate that we 
should attempt to develop a means of direct relay- 
ing from the actual, measured, hot spot temperature 
rather than try, by means of a proportional auxiliary 
circuit, to imitate the performance of the trans- 
former. Much may be said about thermostats. The 
average operating engineer notes in the specifica- 
tions that a thermostat will stand guard over his trans- 
former and he accepts this face value. He may, in 
fact, for years possess many of these devices embedded 
in his apparatus without ever having actually seen one 
of them. Without injustice to the electrical manufac- 
turers, it may be said that we should not expect them 
to know as much about building these devices as do the 
manufacturers of heating and ventilating apparatus. 
The author has found that these latter manufacturers 
possess equipment of this nature directly applicable to 
our needs which has been developed and in successful 
operation for years. When applied to transformers, 
thermostats are usually mounted on some projection 
on the head block or core, and this means that the trans- 
former must be taken out of service and the oil lowered 
to get at them for test purposes. With “conservator” 
or “‘inertaire’’ types of transformers, where the case lid 
is tightly sealed, this becomes an expensive matter and 
as a result the thermostats once installed are not, tested. 
We attacked this problem some months ago and, as a 
result, we are installing in many St. Louis station trans- 
formers, thermostats made by a well-known manufac- 
turer of heating apparatus who knew nothing of the 


possible applications to this field. These thermostats 


are no closer to the “hot spot” than their predecessors— 
(that being another problem)—but they may be re- 
moved and tested without even taking the transformer 
off the line. This applies to the “sealed” types of, 
transformers as well as others. 

The control of cooling water, so far as the thermostat 
is concerned, is also partly solved by the above, but, . 
automatically operated water valves have not been 
given sufficient attention. The author has had experi- 
ence with two types of valves which are furnished by the 
electrical manufacturers,—the motor operated type 
and the type which is operated by the expansion and 
contraction of a gas or fluidin acapillary tube. In his 
opinion, the latter type is dangerous, as a leak in the 
pressure system renders the device inoperative without 
visible indication of trouble until it fails to operate— 
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and perhaps the load lost. The motor-operated valve, 
of course, depends upon the continuity of the wiring 
and the 100 per cent behavior of the motor, which is 
usually small and operates through a reduction gear, the 
friction of which is a large percentage of the total power 
required. The author’s experiences with both of the 
above types have been unhappy, in that both types have 
failed to function on many occasions, resulting (for- 
tunately in one case only) in the loss of 5000 kw. of 
distribution load for about one hour. A water valve 
has been made up of standard materials; this by means 
of current flowing through a solenoid, holds the 
water off. The opening of the circuit to the solenoid 
by the thermostat allows the law of gravity to turn the 
water on. This device is in effect a closed circuit one 
and accidents (electrical or mechanical), can result only 
in wasted water. Some of these devices have been in 
operation in St. Louis for two years without a failure and 
almost all station transformers, under the writer’s 
jurisdiction, either have been or are being equipped with 
this type of valve. 

No attempt has been made to protect against failure of 
induction regulators for distribution circuits, other than 
to depend on the overload relays to clear them from the 
line when failure actually occurs. The induction 
regulator is admittedly a weak piece of apparatus be- 
cause of its very nature; and it would seem advisable to 
take steps to give them at least temperature protection. 
There is a tendency on the part of the operating com- 
panies to allow their distribution feeders to become over- 
loaded and, with regulators designed for a 55-deg. rise, 
this abuses the regulator. The failure of an induction 
regulator in a manual station may not be serious when 
an operator who can operate a fire extinguisher is pres- 
ent, but here, again, in the automatic station, we have 
in most cases failed to provide any protection against 
fire except faith. Automatic equipment possesses only 
the intelligence which is incorporated in its design and 
this falls short of human intelligence in that we have 
not as yet been able to give it all five of the human 
senses. It can only feel but does not possess the senses 
of smell, taste, hearing or sight. In manual stations 
many serious accidents have been forestalled by the 
operator’s ability to “‘smell something getting hot,” 
hear the growl of an arc or see smoke issuing from a 
piece of apparatus the protective devices for which 
_ have not felt the necessity of removing it from the line; 
that necessity not being felt until the trouble has 
developed into a short-circuit, which usually means fire. 
In general, while this class of station may be said to be 
satisfactory, it is obvious that there is still a very ex- 
tensive field in which to progress. 


CLAss 3—AUTOMATIC D-C. SUBSTATIONS FEEDING 
HEAVY EDISON NETWORKS 


This class has been developed mostly along the lines 
of single-unit stations consisting of a motor-generator 
set or synchronous converter located here and there 
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throughout systems, the major portion of the system 
being manually operated. This means that the auto- 
matic stations are merely followers supplying power to 
parts of the net-work which grew out of the original 
manual capacity. In systems of over 30,000 or 40,000 
kw. cases where automatic stations are the predomi- 
nating factors are extremely rare; if, in fact, there are 
any at all. Where the system is so heavy, it is usually 
of high density and this in turn means not only a large 
number of stations but stations of such capacity that 
several large units per station are necessary. With 
these large stations close together, parallel operation 
begins to present a problem. To begin with, the de- 
mand upon the operating attendants in the manual 
stations of such a system is that they hold the “‘standard 
feeder-end pressure” to within one volt (0.5 volt per 
side). There is a reason for this other than the re- 
quired candle power of customer’s lamps, and it is a fact 
that by lowering or raising the voltage in a station one 
volt from standard, upwards of 1000 kw. of the load will 
be shifted to and from adjacent stations. The writer 
has been unable to find on the market an automatic 
regulating device which could be applied to this class 
of service and which might be adjusted to give closer 
than 1.5 volts, plus.or minus (a zone of three volts) 
on the 240-volt basis. Itisobviousthen that the stations 
would not only not give sufficiently close regulation but 
would be continually “stealing’’ load from each other. 
It might be possible, of course, by means of costly pilot 
circuits to prevent the load from shifting, but we would 
still lack the precision in voltage regulation at the 
customer’s lamp. On voltage regulators it would seem 
that some intensive development is necessary. The 
voltage regulator being the keynote to this situation, too 
much stress cannot be placed on this point. The 
question of parallel operation of any number of ma- 
chines in the same station is being worked upon and there 
seems to be no doubt that all obstacles will ultimately 
be overcome; not however, without doing some things 
that have never been done before. It is always possible 
to make each machine literally an isolated station by 
feeding directly into the system over its own feeders, but 
it means that all copper is not working on light loads 
unless some extra money is invested in heavy bus tie 
breakers and, after all, it is dodging the main problem. 
While the apparent “‘intelligence’”’ of some of the d-c. 
automatics now in service, is remarkable, we are still 
relying too much upon pilot wires and periodical in- 
spection to approach the intelligence of an operating 
attendant. We must remember that automatic equip- 
ment will do just the things we build it to do and, inci- 
dentally, keep on doing them even if dangerous to life 
or property. In other words, it cannot use judgment, 
change its mind nor respond to the dictates of fear. 
This means that the equipment comprising an auto- 
matic station must be rugged in every detail. For 
example, it would not be desirable to. protect all d-e. 
circuit-breakers with temperature devices and they 
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should therefore be selected so as to allow ample margin. 
Based on actual experience, the author feels that no 
d-c. circuit-breaker in this class of service should be 
operated at a contact brush density of more than 350 
amperes per sq. in. If heavier duty is imposed it is 
possible for a breaker to heat up so quickly that its 
bridges will be annealed before this is discovered. The 
author advocates the use of “maximum” thermometers, 
the fluid columns of which remain at the highest point 
reached unless shaken down intentionally. One of 
these thermometers on the contact block of each breaker 
will divulge, to the inspector, the value of the highest 
temperature reached during his absence and an oxidized 
contact can be caught before the critical point (anneal- 
ing) is reached. This same idea may be applied to 
bearings, as the only protection they now have is 
through the medium of a gas type thermostat by which 
the machine is locked out when a dangerous tempera- 
ture is reached on any of the bearings. Ventilating 
equipment is another factor that should be fortified 
with ample margin and ruggedness, as in most cases the 
station cannot operate unless its ventilating equipment 
is delivering. Again the ‘maximum’ thermometer is 
useful, as it can be applied to the machine and outside 
temperatures in conjunction with recording load-indi- 
cating devices to determine if the equipment has been 
properly cooled in the absence of the inspector and a 
brewing case of trouble arrested. ._The method of trip- 
ping oil and air circuit-breakers and contactors is one 
that should have close attention. There is a tendency 
to employ, so far as possible, standard breakers which 
almost always are held in by a mechanical latch or tog- 
gle. This must be struck sharply by the tripping 
solenoid to actually open the main device. Breakers 
furnished for standard manual application have been 
known to fail to trip on the first impulse of the tripping 
solenoid and as there is no attendant in an automatic 
station to follow up and trip it manually, this breaker 


remains closed. The author feels that a holding-in. 


type of latch should be used in. these applications, as 
it does not depend on the continuity of an electrical 
circuit for its operation. In some cases this is not possi- 
ble, as in the case of automatizing an existing station 
already equipped. We have partly solved this problem 
by the application of two relays in the tripping circuit, 
so connected that if the main device does not open at 
the first impulse, it is followed up by a succession of 
hammer blows which will either open the toggle or 
break it, in which latter case the main device, although 
broken, would be opened. ‘Too much stress cannot be 
brought to bear on the matter of auxiliary switches on 
the mechanisms of all types of breakers. Originally 
these switches were for the sole purpose of operating 
indicating lamps and an occasional interlock. In an 
automatic station there is hardly an operating circuit 
that does not interlock through the auxiliary switch of 
some breaker or contactor and it follows that the failure 
of almost any of these auxiliary switches will cripple the 
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station. The author has had some bad experiences 
with this equipment, both where existing devices were 
automatized and where the equipment was furnished 
specifically for automatic operation. 


GENERAL 


While the author feels that progress is being made, 
there is still too much of a tendency to be satisfied with 
some questionable equipment as its exists. It is neces- 
sary that we look further into the future and in solving 
the problems which we encounter as we go along, bear 
in mind the importance to always leave sufficient mar- 
gin so that that particular thing will be forever placed 
behind us. 


Discussion 
E. C. Stone: I want to second vigorously Mr. Millan’s 
conclusion that the auxiliary equipment, relays, ete., which are 


used in automatic substations must be designed with a very 
great degree of reliability. 

Automatic equipment adds cost to the station but we often 
forget that it saves operators’ salaries. In any event the 
automatic equipment is only a small percentage of the cost of the 
stations and we should not hesitate to spend even 50 per cent 
more on it if, by doing so, we could be assured of obtaining per- 
feet operation. 

Chester Lichtenberg: One point which might be em- 
phasized is the rapid development of automatic-station control 
equipment during the past three years. A survey of the situa- 
tion indicates that during this period a great deal more attention 
has been paid to the details of design not only of the complete 
equipments but also of the individual devices so as to make them 
of maximum reliability with minimum maintenance. 

For feeder-voltage regulators Mr. Millan suggests two types of 
protection. 

1. Grounding protective relay. 

2. Temperature protective relay. 

Both of these devices are available and have been in auto- 
matic station service for several years. The grounding protect- 
ive relay (device function No. 64) is quite well known in certain 
parts of the country where it has proven exceptionally valuable 
in giving the impulse for disconnecting apparatus from service 
when such apparatus developed faults to ground. The same 
device slightly modified last year has been successfully applied to 
feeder-voltage regulators and other similar devices. It will 
operate on any fault to ground in excess of 30 amperes and in 
combination with suitable oil cireuit breakers affords protection 
against extensive damage. 

Temperature protective relays (device function No. 49) 
for feeder-voltage regulators are available. They have not been 
sold in general, however, because the purchasers of the feeder- 
voltage regulators do not care to pay the small additional expense 
which these devices would add. 

Most of the a-c. automatic stations which have been installed 
to date are of the relatively simple type described by Mr. Millan. 
There are outstanding examples, however, of very complete 
a-c. automatic stations which are very much more extensive and 
which have been in successful operation for three or more years. 
For example, the Kansas City Power & Light Company has had 
in operation since 1921 two a-c. automatic substations. They 
each have two or more incoming lines with two or more banks of 
transformers and a dozen or more outgoing feeders. The stations 
are designed so as to have only sufficient transformers connected 
in service to supply power to the load. Consequently, in times 
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of light load a minimum transformer capacity is excited. The 
stations are also arranged so that in case of trouble to any trans- 
former bank or incoming line the bank or line is automatically 
switched out of service and replaced by an emergency bank or 
line. 


The successful operation of these automatic stations empha- 
sizes another point. It is the requirement that relaying devices 
for automatic substations be considered on quite a different basis 
from those for manual substations. In the manual station there 
is an attendant. It is his ordinary duty to watch the instru- 
ments provided for him so that he may check the operation of the 
various relays, ete. In case of trouble he is expected to substitute 
himself for the relay devices should they fail. In an automatic 
station there is no attendant. If a relay is called upon to per- 
form its funetion it must not only be ready to perform that 
function but must perform it successfully. If there is dust on 
the contacts the contacts must be so designed that when opera- 
ting the dust must either be wiped off or contact be made not- 
withstanding the dust. If the operation is to occur at 180 volts 
then it must occur at 180 volts and not wait until the pressure is 
at some other value. This has meant anew and very rigid stand- 


ard with regard to the performance of relaying devices for auto- - 


matic stations and the successful operation of several thousand 
of these during the past ten years evidences what can be done. 


In connection with automatic stations there have been de- 
veloped a number of supervisory systems. Some of these use 
automatic telephone relays. Such relays are suited for auto- 
matic telephone-central sérvice but are not suited for automatic 
power-substation service. For example, the usual automatic 
telephone exchange has reasonably clean rooms kept at a rela- 
tively constant temperature. Besides, the relays are usually 
inspected and tested about once a day or at the most once a week. 
In automatic station service, however, supervisory system relays 
are frequently called upon to operate without inspection or test 
excepting at intervals of one month or more. The ones in the 
outlaying stations are subjected to temperatures varying from 
40 deg. cent. below zero to 80 deg. cent. or more above zero. 
The conditions, therefore, are quite different and it is easy to see 
why a totally different class of relaying device is required for a 
supervisory system in automatic power-substation service than 
for automatic telephone-exchange work. This analysis has been 
proven correct by actual experience. So much so that one of the 
manufacturers furnishing supervisory systems has discarded all 
automatic telephone relays and uses relays developed exclusively 
for railway train-dispatching service where inspections are made 
not oftener than once a year. These relays represent almost the 
last word in relay development because experience has indicated 
that when correctly installed they require no maintenance and 
practically no inspection. 


E. K. Huntington: In our system in Rochester, New 
York, we have recently installed two a-c. and one Edison auto- 
matic substations. The reference that various devices, which 
have been taken from the manual station and applied to the 
automatic station, should be more reliable is certainly one that 
needs our attention. Among these might be mentioned bearing 
temperature of relays and devices which cannot be easily tested 
after their installation. We have found that most devices are 
subject to change in calibration after installation and unless 
tested periodically are unreliable for that reason. In one auto- 
matic station in which there is a vertical hydro-generator, 
we are using a recording bearing-temperature device which not 
only records the bearing temperature and shows that it is work- 
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ing, but also has contacts on it for tripping the machine in case 
the temperature reaches the value at which the contacts are set 
to operate. Such a device seems very desirable where its cost 
is warranted. 

We have found that constant attention is necessary on all 
devices in automatic stations. At the present time we are mak- 
ing a practise of putting each automatic operation through its 
complete cycle at least.once every month, as a check upon the 
operation of various devices which may stand for a considerable 
time without operating in actual service. 

In our Edison system, we have about a 20,000-kw. load 
supplied over an area of about one mile radius. The voltage- 
regulating devices, which were supplied with our Edison auto- 
matic substation equipment hold bus voltage within about two 
volts either way, or a four-volt swing on the 250-volt system. 
In our particular case, this has worked out very satisfactorily 
and no objectionable exchange of load has been noticed. More 
sensitive voltage-regulating devices are undoubtedly necessary, 
in supplying the highly concentrated loads of the larger cities but 
not in the average Edison system. 

H. O. Stephens (communicated after adjournment): Mr. 
Millan points out a number of details in the automatic equip- 
ment which may give trouble on account of failure to operate. 
In particular, he mentions the possibility of trouble developing 
with thermostats and water-control valves on water-cooled 
transformers. The remedy is obvious and should not be passed 
over without mention. : 

When the type of transformer for automatic sub-stations is 
being selected, there are usually three choices available: 

First: Water-cooled transformers. 

Second: Combination self-cooled, water-cooled transformers 
capable of carrying light loads without water, but with automatic 
thermostats and valves for turning on the water supply for water’ 
cooling during peak loads. 

Third: Self-cooled transformers capable of earrying the 
maximum peak load. 

The cost of a self-cooled transformer will range from zero to 
fifty per cent greater than the cost of a water-cooled transformer, 
depending upon the size, complications, and voltage; while the 
cost of a combination self-cooled, water-cooled transformer will be 
approximately midway between the cost of a water-cooled trans- 
former and a self-cooled transformer. 

Transformers of all three types have been used in automatic 
substations but it is my opinion that while more or less practical 
control devices are on the market for.controlling the water for 
water-cooled and combination self-cooled water-cooled trans- 
formers, they involve altogether too “clever” designing. The 
simple self-cooled transformer capable of carrying the maximum 
peak load is the obvious solution as all of the auxiliary thermo- 
stats and valves for controlling the water supply are eliminated 
and the increase in cost of the self-cooled transformer can be 
justified when it. is considered that the efficiency of the self- 
cooled transformer is also usually higher. The self-cooled trans- 
former has another decided advantage since the oil temperature 
is a much better indication of the load than it is on a water- 
cooled transformer; while the oil temperature of combination 
self-cooled water-cooled transformer fluctuates so widely that it is 
of little or no value in indicating the load. A reliable thermo- 
stat for tripping off-the load in case the transformer reaches a 
dangerous temperature can readily be installed in the top oil of a 
self-cooled transformer. These facts should be very carefully 
considered before deciding on the use of anything, but self- 
cooled transformers in an automatic substation. 


Initial and Sustained Short-Circuits in 
Synchronous Machines 


Analytical and Graphical Treatment of General Cases of 
Armature Windings Displaced by Arbitrary Angles, with 
Applications to One-, ‘wo- and Three-Phase Machines 

) BY VLADIMIR KARAPETOFF: 
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Synopsis.—A knowledge of the instantaneous values of ar- 
mature and field currents, when an alternator is short-circuited, 
ts becoming of increasing practical importance. These currents 
determine the rating of protective apparatus, mechanical stresses in 
the machine itself, possible damage to other equipment, etc. During 
the first few cycles, immediately after a short-circuit, the currents 
are usually much larger than those on sustained short-circwit, and 
gradually approach the latter values over a number of cycles. It is, 
therefore, necessary to distinguish between the initial and sustained 
values of currents, and formulas are deduced in this paper for 
both. The novel feature of the treatment consists in starting with 
a generalized unsymmetrical three-phase winding, also containing 
an external inductance in one of the phases. The Kirchoff equa- 
tions are written and solved for this general case, and it is then shown 
how the formulas for the usual one-, two-, and three-phase machines 
can be directly derived from the general expressions, without con- 
sidering the magnetic linkages in detail in each case. A graphical 
nter pretation of the equations is also given, in the form of space- 


INTRODUCTION 


HE purpose of the paper is to deduce general formu- 
las for the field and armature currents in a syn- 
chronous machine on initial and sustained short- 

circuit. While the subject is by no means new, the 
present treatment is perhaps more general than those 
‘published heretofore (See Appendix XII). 


In a companion paper by R. F. Franklin, entitled 
“Short-Circuit Currents of Synchronous Machines,” 
emphasis is laid upon the important practical cases, and 
the formulas are illustrated by calculated curves of cur- 
rents. In the present paper, emphasis is laid upon the 
general method of derivation, and specific cases are 
carried out only far enough to show that the results 
check with Franklin’s work. 

In accordance with the preference of the Institute 
readers, the paper, itself, is made short and non-mathe- 
matical, while the details of derivation of the formulas 
are placed in the appendices to which references are 
made in the text. 


THE DIAGRAM OF CONNECTIONS 


Figs. 1 and 2 show a three-phase winding of a syn- 
chronous machine, in which, for the sake of generality, 
the electrical angles between the phases are assumed to 
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vector diagrams, in which the m.m.f s. vary according to the sine 
law in space but not in time. 


Index to Appendices 


The Fundamental Equations). ....75 cities sete acs cc civics 
Constants: OF Intesration es. oo esate sus em rcgsueveieices ols sshelg sieges 
Graphical Representation of the Linkage Equations (22) 
to (25) in a Polyphase Short-Circuit .................. 
Proofthats, = O-when k= Oland ch iOo tices «ears alee 
Single-Phase Short-Circuit through an Inductance..,.... 
Three-Phase Short-Circuit without External Inductance. . 
Special Cases of Single-phase Short-Circuit, Equations 
(ZB) cards (ZS) ter eats create ata ce ee eee ease ty em ae ole 
Some Particular Cases of Polyphase Short-Circuit, Equa- 
tions! OL). to, (Od) ean pine ea See bia wae Pa avenet keene 
Individual vs. Common Short-circuit to the Neutral...... 
The CriticaliCase'oh 675) = Ones cate aisles oe cielo se eiate ches 
Graphical Representation of Currents in a Single-Phase 
SHOLGsCun Ci orc: ctaievetevs sake) oferetetarsteterel belie Ie) etckolens) staxers: altel c 
Bipliograplye . acess stelwis, suels eo orcteyet is ie Sal etere ste haiehe @ loile 
IN OGATIOR I aie clots ees’ craic obalicl ona yenepcicbe ele recmuaieletone ste ate, evel ane ferelaie 


Appendix I 
Appendix Il 


Appendix IIT 
Appendix IV 
Appendix V 

Appendix VI 


Appendix VIT 


Appendix VIII 
Appendix IX 
Appendix X 


Appendix XI 
Appendix XIT 
Appendix XIII 


be different from 120 deg. Moreover, each phase wind- 
ing is assumed to possess a different number of turns and 
therefore a different inductarice (for notation, see Ap- 
pendix XIII). An external inductance, L, is shown 
in series with one of the armature windings, and equa- 
tions are derived. with this inductance in the circuit. 


_ By putting L = 0, an ordinary three-phase short-cir- 
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Fig. 1—GENERALIZED UNSYMMETRICAL THREE-PHASE WINDING 


cuit is obtained; by putting L = o. the phase C is 
opened and a single-phase short-circuit is obtained be- 
tween the phases A and B. 

The field winding is assumed to be placed on a cylin- 
drical rotor, so that the self and mutual inductances of 
the armature windings may be considered to remain 
constant throughout a cycle. Moreover, the mutual 
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inductances between the field and the armature wind- 
ings have been assumed to vary harmonically (Ap- 
pendix I). 

The resistances of all the windings are neglected al- 
together. For this reason, the field winding is shown in 
Fig. 1 short-circuited upon itself, since the excitation 
voltage is only necessary for overcoming the resistance 
of the winding. A certain field current is assumed to 
exist at the instant of short-circuit, and then to vary 
only under the influence of the armature currents so as 
to keep the flux linkages constant; equations (4) and 
(25). 

The assumption of zero resistances is justified during 
the first half cycle orso after the instant of short-circuit, 
when the magnetic fiuxes essentially determine the cur- 
rents. With large alternators, this assumption is also 
justified for the armature windings on sustained short- 
circuit, the ohmic drop being practically negligible. 

.The resistances of the windings enter as a factor in 
the gradual adjustment of the currents from the 
initial values to those on sustained short-circuit. This 
transitional period is not considered in the paper. 

By neglecting the resistances, it becomes possible to 
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Fig. 2—TuHEe RELATIVE PosrrTion or THE ARMATURE AND FIELD 
WINDINGS 


integrate directly the Kirchoff equations (1) to (4). 
With resistance terms, the corresponding simultaneous 
differential equations become practically unsolvable. 
A few attempts to solve them even approximately in 
the simplest cases have led to expressions which are too 
complicated for practical use. The method of succes- 
sive approximations, although quite tedious, may pos- 
sibly be applied with more success. 

Having obtained the fundamental equations, (1) to 
(5), for the general case shown in Fig. 1, and integrated 
them in the form of equations (22) to (25), various 
special cases are considered in the subsequent appen- 
dices, as indicated below. © 


SINGLE-PHASE SHORT-CIRCUIT 


The most general case of single-phase short-circuit 
considered in this paper is that through an external 
inductance (Appendix V). The angle, 0,, is put equal 
to zero and the windings in the phases A and B are as- 
sumed to coincide, so as to form but one winding. The 
current flows through this combined winding, through 
the inductance L, and through the phase winding C. 
Since the angle, 4;., is not necessarily equal to 180 deg., 
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this case covers not only a short-circuit of a single-phase 
machine, but a single-phase short-circuit of a polyphase 
machine as well. 

More specific cases are then considered in detail in 
Appendix VII, with the assumption LZ = 0. For the 
single-phase machine L, = 0; for a two-phase machine 
the inductance L, is equal to the parallel combination 
of L, and L;, and @,. = 90 deg.; for a three-phase ma- 
chine @,, = 120 deg. The final formulas are shown to 
check with those in Franklin’s paper. Finally, a 
graphical interpretation of the single-phase short-cir- 
cuit is given in Appendix XI. 


POLYPHASE SHORT-CIRCUIT 


The general expressions for the armature and field 
currents, equations (22) to (25), are first interpreted 
eraphically, as shown in Fig. 4 (Appendix III). This 
figure gives a much clearer idea of the inter-relationship 
of the currents than the equations themselves. It is 
then shown in Appendix IV that when L = 0 and 
LL, > 0, the voltage e (Fig. 1) between the terminals 
and the neutral, is always equal to zero. This leads to 
a simplification of Fig. 4 to Fig. 6, and the corresponding 
equations are derived in Appendix VI. These equa- 
tions are then applied to the usual two-phase and three- 
phase machines in Appendix VIII, and the results are 
shown to check with Franklin’s formulas. 


INDIVIDUAL VS. COMMON SHORT-CIRCUIT 


With two-phase and three-phase _ short-circuits, 
several cases have to be considered, as shown in Figs. 
7and8. Inthe Appendix IX, it is shown that the cases 
7 aand 7 bare electrically equivalent, and that identical 
currents may be expected in both, at least within the 
limits of the fundamental assumptions madein the paper. 
Similarly, the cases 8 a and 8 b are identical, but the case 
8c presents some additional features. The influence 
of the ohmic resistance and of the character of the 
mutual inductance between the phases is discussed, 
and the conclusion is reached that at least in usual 
alternators the currents in case 8 c may be expected to 
be approximately equal to those computed for the cases 
8aand 8b. 


CONCLUSION 


The determination of short-circuit currents in syn- 
chronous machines is of considerable importance to the 
designer as well as to the operating engineer. These 
currents may cause considerable mechanical stresses 
in the machine, influence the selection of the protective 
equipment, determine the transient conditions in the 
connected lines, ete. 


The fundamental equations with which this investi- 
gation begins (Appendix I), are of quite general appli- 
cation, and it is hoped that the mathematical portions 
of the paper, especially the general method, may be of 
service not only in cases in which the equations or 
their solutions actually apply, but also in other cases, 
(for example, in an induction machine), in which simi- 
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lar equations may be established and a similar method 
of solution used. 
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several valuable suggestions, for which the author 
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Appendix I 
THE FUNDAMENTAL EQUATIONS 

Referring to Fig. 1, let at an instant (¢) the voltage 
between the neutral points be (e). Then, equating to 
(e) the total e. m. f. induced in phase (A), we have, 
Ladi./dt + Maydi,/dt+M..di./dt 

+d(My;.1t;)/dt =e (1) 

For notation, see Appendix XIII. The coefficients of 
mutual induction, M,, and M,,, do not vary with the 
time and therefore, are left outside the sign of the 
derivative. The coefficient of mutual induction, M;., 
between the field winding and the armature phase (A), 
is a function of time and, therefore, a derivative must 
be taken of the linkages, M;. 1. 

By analogy, we can write for phases (B) and (C), 
respectively, with a cyclic substitution of the sub- 
scripts (a), (b), (c): 


L,diu/dit+M,.dt./di+Madia/dt 
+d (My, %;)/d t = ¢ 


(L. + L) di./dt + M.adta/dt + M,.d%s/dt 

+d (Mj.%s)/dt =e (3) 
In equation (3), (ZL, + L) is used instead of (L.), where 
(L) is the external inductance. (L) is not interlinked 
magnetically with any of the phases, and therefore 
does not enter in the other equations. For the field 
circuit, we have; 


Lyd ij/dt + d (Myqta)/dt + d (Mp %s)/dt 

+d (M;.1.)/dt = 0 (4) 
The first Kirchoff law, applied to the armature winding, 
gives, 


(2) 


tate tt = 0 (5) 


Equations (1) to (5) contain five unknown functions 
of time (t); namely, 74, 25, 2-, 47, €; by solving the equa- 
tions, all these functions can be determined. 

The foregoing equations can be somewhat simplified 
by expressing the inductances through the corre- 
sponding equivalent permeances and the numbers of 
turns?. Moreover, with the fluxes and m.m.f’s. 
assumed to be distributed sinusoidally along the air-gap, 
the various mutual inductances are simple cosine func- 
tions of the angles of separation between the two coils. 

Let:the permeance of the useful (or common) mag- 


netic path through the field and the armature be (@) 


2. V.Karapetoff, ‘‘The Magnetic Circuit,’ p. 184. 
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henries. Let 7 be the magnetic leakage coefficient of 
the field circuit, that is, let, 


(5 Pusefut/Protal (6) 


when the field alone is excited. Similarly, let (c) be 
the magnetic leakage coefficient of the armature winding. 
Both (c) and (7) are less than unity. The four self- 
inductances can be expressed as follows: 


L, = 01 ON2; Ly = oc ONY; L, =o" NZ (7) 
L; SG e NP (8) 


It is convenient to assume the external inductance coil 
(L) to have the same number of turns as one of the phase 
windings, for example phase (A), and to represent its 
equivalent permeance in the form, k a @, so that, 


L=koi@N2 (9) 


The factor (k) may have any positive value between 
zero and infinity, so that equation (9) in no way limits 
the value which may be assigned to (L). 

The simplest assumption which can be made in 
regard to the coefficients of mutual inductance is that 
they are harmonic functions of the space angles between 
the coils. This approximately holds true for machines 
in which the armature m. m. f. is distributed in space in 
accordance with the sine law. Let the coils in phase 
(B) be shifted until they completely coincide with the 
coils in phase (A). Then, the coefficient of mutual 
inductance between the two is equal to @,, N. Nz, 
where @,, is the mutual or common permeance of the 
magnetic circuit embraced by the two groups of coils. 
When the coils completely coincide, Pn = 01 @. 
Now, as the coil (B) is moved back to its true position, 
we may assume that the part of the flux due to (A) and 
linking with (B) varies as the cosine of the angle of 
shift. The mutual permeance varies in the same ratio. 
With these assumptions, we obtain the following expres- 
sions for the various M’ s; 


Mw. = o* 0 N,N; cos 625 (10a) 
M,. = 07 0 N,N, cos Dr. (10b) 
Mea = 6 10 N.No COS Oca (10c) 
M;, = 0 N,N; cosa (11a) 
M;, = © N,N; cosB (11b) 
M;. = @ N.N; cos Y (11c) 


The coefficient of mutual inductance, M;., reaches 
its maximum when a = 0. By definition, the coeffi- 
cient of magnetic coupling, K, is determined from the 
relationship, 

Ke = (max. M,;.)?/(Ly 1S (12) 
Substituting the values from equations (7), (8), and 
(1la), we get, after reduction, 
Kays a7, (13) 
The variable angles a, 8, y, differ from each other by 
constant amounts; namely, 


B=a-— Oa 
yY¥=a+t Oca 


(14) 
(15) 
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Instead of t, we shall take a for the independent vari- 
able, where 


O.= 
We then have, 
d/dt = 0. .d/d a =" .0/68=.0.. d/d 7 (17) 
It is convenient to represent (e) in equation (1) as a 
derivative of some function with respect to time, be- 
cause then the equation can be integrated directly. 
We, therefore, put, 
e=a'1PN2ds/dt (18) 
where (s) is a function of time, containing no constant 
term. However, any desired constant term may be 
added to (s) without changing the value of e in equation 
(18). We shall arbitrarily assume that this constant 
term is zero so that s = 0 when e = 0. The factors 
o, N,2, and @ are added in order later to cancel them 
on both sides of certain equations. 
The following assumptions are further made: 
(a) The coils (A) and (B) have the same number of 
turns (N), so that, 
EN a N> = N (19) 


(b) The number of turns in coil (C) is (c) times that 

in (A); in other words, 
No=eN (20) 

The factor (c) may have any value between zero and 
infinity. 

(c) The number of turns in a field coil is (f) times 
that in the coil (A), so that, 

Substituting the foregoing expressions in equations 
(1) to (4), we obtain, after integration and simplification: 


ta +%7,C0S O04, +.€%-C0OS Oca +f ot COS a 


=s+A (22) 
th + €1, COS 85, +%2¢0S Oa, +f 72; cosB 
=s+B (23) 


(c? + k) t-. + €%a COS Oca + C1, COS Oy. +f 6%; C08 Y 
=s+ceC + [k I.) (24) 


+ct,cosy +f 
Tn dene pea ae Fe (25) 

Here, (A), (B), (C), (F), are constants of integration; 
for the initial short-circuit conditions, they depend 
upon the values of the currents and of (s) at the instant 
of short-circuit. In order to make the initial constant 
(C) independent of (k), the term k J, is added in equa- 
tion (24). This term is placed in the brackets to indi- 
cate that it is used only for the initial short-circuit. 
With a sustained or established short-circuit, the cur- 
rents are independent of the initial values, such as I,, 
and the term k I, is simply omitted. 

Equations (22) to (25), together with equation (5), 
contain five unknown functions of the time-angle (a), 
namely 7,, 2s, 7, 17, 8, and can be solved for these as 
simultaneous equations. 


4,C0Sa +%,c0SB 
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Appendix IT 
CONSTANTS OF INTEGRATION 


1.—Armature Constants for the Initial Short-Circuit. 
For the instant of short-circuit, equations (22) to 
(24) become 


U cos é =S+A (26) 
U cos (é-— 0a) =S+B (27); 
cUcos(é + 6.4) =S+ceC (28) 
where 
U cos é =I,+I1,cos 0a, +e. cos Oca 
‘+ f o I; cos ao (29) 
U cos (E— 0a) = Ip + € 1, cos 05. + I, cos Oop 
+ faTI; cos Bo (30) 
U cos (E + Oca) = CL, + Iq COS Acq + Io COS Ore 
+foaI;cos Yo (31) 


In equation (29), the initial linkages on the right-hand 
side are arbitrarily denoted by U cos é. Granting this 
notation, the other two equations can’ be deduced as 
follows: oe 

Let I,,1.,1I., 1; and U be thought of as vectors (in 
space, not in time.) Then equation (29) may be 
thought of as the real part of the expression 

Ue! =I, 6? 1, ef rin, ef ig 1, come) 
Multiplying this equation throughout by e-’*%**, and 
equating the real parts, equation (30) is obtained. 
Multiplying both sides of equation (32) by e’° and 
equating the real parts, gives equation (31). 

To solve equations (29) to (31) for (U) and (£), use 
equation (32), since it gives, directly, the values of 
U cos éand U sin £. Dividing the second value by the 
first will give tan € and consequently cos ~ (U) is 
then found by dividing the expression for U cos & by 
cos &. 

In the actual solution of equations (22) to (25), the 
first step is to eliminate (s) by subtraction. Conse- 
quently, it is also convenient to eliminate (S) from 
equations (26) to (28). We then get? 


B-—A =2Usin 0.5 6., sin (€ — 0.5 0a») (33) 

A-—¢C =U bsin(E + 8.0’) (34) 
where 

bsin'6:,° = l= cosi0s, (35) 

6: COS-O5, =="C/SIN..0 5 (36) 


Equation (34) is deduced as follows: Subtracting equa- 

tion (28) from equation (26), we get 

U [cos —— ccos (E + Oca)] =A-—CeC (37) 

Expanding the expression in the parentheses and intro- 

ducing the quantities (b) and @..’, according to the 

defining equations (35) and (36), gives: 

U [bcos ~sin 0,4’ + bsin — cos Aca’'] = A—cC (38) 
8. The symbol (b) appearing ia equations (35) and (36), and 


later in equations (66) and (67), has nothing to do with phase 
(B), but is an auxiliary constant defined by these equations. 
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From this expression, equation (34) follows directly. 
A geometric interpretation of the auxiliary quantities 
(b) and 6@.,’ is shown in Fig. 8. (AC) represents the 
phase (A), with the number of turns arbitrarily assumed 
to be equal to unity. To the same scale, (A B) repre- 
sents the winding of the phase (C), with the number of 
turns (c) times that of phase (A). The space angle 
between the windings is @,,. The closing line of the 
triangle (A BC) represents (b), and.the angle which it 
forms with the normal to (A C) is equal to @..’.. Equa- 
tions (35) and (36) are then satisfied. We also have 


Bb =1+c— 2c cos A, (38a) 

tan 6.,/ = (1 — € cos @.a)/(e sin 6.4) (39) 

When Lowel =e = 0 (40) 
equations (29) to (31) simply become : 

U=fohw t= eo (41) 


with the corresponding simplification of equations 
(33) and (34). 

Because of the form.(41) to which the expression for 
(U) is reduced in the simplest case, it is convenient for 
some purposes to put generally: 


Uy, = ufoT; (42) 


B 


Fie. 3—DeFINITION oF THE AUXILIARY QUANTITIES B AND 9¢a 


where (wz) is a proper factor to make equation (42) agree 
with equations (29) to (31). . 

It is shown in Appendix IV that when k = 0, (s) is 
equal to zero at all instants, so that (S) is also equal to 
zero. Equations (26) to (28) are then simplified 
accordingly. 
2.—Armature constants for the permanent short-circuit. 

In this case, omitting the term [k J,] in equation 
(24), we simply have: 


NESTE GN (43) 
x20 (44) 


for the following reasons: The armature currents 7,4, %2, 
7- in equation (22), can have no d-c. component, be- 
cause the phenomenon now consists in an established 
operation of the alternator, all transients having died 
out. Hence, the average value of each current over a 
cycle is equal to zero; since 


and 


2x 
average? = (27) fida 
0 
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Qa 


7, 700 = 0 


0 

The field current, 7;, has a d-c. component and (we may 
provisionally assume) has some sinusoidal harmonics. 
However, a sine-wave component of fundamental fre- 
quency is absent because it could be induced only by a 
stationary armature flux or by one moving at twice the 
synchronous speed. Therefore, expanding the field 
current into a Fourier series, we have, 


dy = % +t.s8in (2a + we) +73 8in (8 a + ps) + ete. 

and consequently 

17 COS @ = 1) COSA + 7, cos asin (2 a + pM) 

+z;cosasin(83a+u3) +. . . 
+7, cos asin (na + 


we have, (44a) 


Mn)  (44b) 
But, 
cosasin(na+u,) = 0.5sin[(n +1) a+ pl 
+ 0.5 sin [(n— 1] a + p,]. 
Multiplying by da and integrating over a cycle, we get, 
2a 
JS cosasin(na+ un)da=0 
0 . 


Hence, if we multiply equation (44b) by d aq and inte- 
grate over a cycle, each term on the right-hand side is 
separately equal to zero, and consequently 


2a 


sf 4; COS 2 a = 0 (44c) 
0 


Therefore, from equations (44a) and (44c) we see that 
if equation (22) is multiplied by d a and integrated over 
a cycle, each term on the left-hand side is separately 
equal to zero, so that the right-hand side is also equal to 
Zero. 

But, by assumption, (s) has no. constant term and 
consists of sinusoidal terms only, so that its integral 
over a cycle is equal to zero. Consequently 27 A = 
0 or A = 0. By a similar reasoning it can be shown 
from equation (23) that B = 0; equation (44) can be 
proved from equation (24). The result U = 0 follows 
from equations (33) and (34). 
3.—Field Constant for the Instant of Short-circwut. 

The constant of integration (fF), in equation (25), is 
determined from the condition 


(F — Ly fr EG 


= I,cosa)+1,cosB) + cI,cos Yo (45) 
When the condition (40) is satisfied, 
Pies | (46) 


4.—Field Constant for Permanent Short-Circuit. 
Permanent armature currents can induce in the field 

winding only alternating voltages, without any d-c. 
component. Hence, the average value of 7;over a cycle 
is equal to the actual value J; of the field current at no- 
load. In other words 

2a 

Gigli tele (47) 

0 
Under the assumed conditions, the field current is a 
periodic function of a; so that, in general, we may write, 


108 


Upp = ME I; (a) (47a) 


where the subscript (p) signifies ‘‘permanent,”’ (m) is a 
known constant, and ¢ (a) is a certain function of the 
time-angle a. Therefore, equation (47) becomes: 


Pe ey eae ee (47b) 
0 


Knowing (m) and ¢ (a), the factor (/) can be deter- 
mined from this expression. 

In this investigation, only two particular forms of 
@ (a) occur. Each of these forms permits definite 
integration and, hence, a solution for (7). For a two- 
phase or three-phase short-circuit, with k = 0, t;, = I; 
(see equation 134), so that it is permissible to put 
F =m =¢(a)=1. With a single-phase short-cir- 
cuit, equation (106), the function ¢ is of the form: 


p (a) = [n— 2gsin?(a— @))> 


where n, g, 6’, are known constants. 
may also be written as 


(48) 
Equation (48) 


(48a) 


$ (a) = [(m— g) + qe0s2 (w— 6) 
Integrating in this latter form, we get* 
So(dda=2r/vin-G-e (49) 
so that, from equation (47b), 
Pip = m- / (n— Q? = @ (49a) 


The subscript (p 1) signifies “permanent single-phase 
short-circuit.” 


Appendix III 


GRAPHICAL REPRESENTATION OF THE LINKAGE EQUA- 
TIONS (22) TO (25) IN A POLYPHASE SHORT-CIRCUIT® 


Equations (22) to (25) are represented in Fig. 4 by 
means of a polygon of space vectors. The currents being 
non-sinusoidal in time, no ordinary time-vector dia- 
grams can be used. However, the distribution of all 
the m. m. f’s in space being by assumption sinusoidal, 
these m. m. f’s, for a particular instant of time, can be 
represented by space vectors. For another instant of 
time, the lengths of the vectors 7, 25, 7%, 2, and the 
angle (a), are different, but the angles 0.2, 9, Qea, &; 
and the lengths O K and H N remain constant. 

Taking first equation (22) and substituting for (A) 
its value from equation (26), we get: 


ta + 25 COS Aap + 62, COS Oca + f 7 17 COS A 
= Ucosé + (s— S) (50) 


In Fig. 4,0 A =7, and AB = 1, the space angle (not 
the time angle) between these two m. m. f. vectors being 
6... Since 2, +7, +7, = 0, instead of laying off the 
vector cz, in the direction of 7,, we draw the vector 
c (ta +27) = BC in the opposite direction. Let, at 
the instant shown in Fig. 4, the angle (@) be equal to 

4. See, for example, Peirce’s ‘‘Short Table of Integrals,” 
p. 41, Equation (300), the last line. 


5. For a similar representation in the single-phase case see 
Appendix XI. 
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AOP. In other words, if OA represents the axis 
of an armature coil in phase A, O P is the axis of the 
field coil, revolving clockwise.6 The vector CG = 
fo; 1s drawn parallel to O P and consequently at an 
angle atoO A. The vector O K = U makes an angle 
éwithO A. Finally, the vector K A’ = s— Sisdrawn 
parallel to O A. K A’ is shown as a chord of a circle 
drawn on K G asa diameter. This is to indicate that 
GA’ is perpendicular to OA. The direction GK is 
extended to L, and a circle is drawn on K L as a diam- 
eter. The length of this diameter is such that the chord 
K A” = 8S, where A lies on the same straight line 
with K and A’. Since K A’ = s—S, we have that 
A” A’ =s. Thus, by means of the two circles both 
sand S can be represented separately. 

In the polygon OA BC GA’ K, all the sides, except 
A’ G, have been expressed through the physical quanti- 
ties which enter into our problem. If, however, all the 
sides of the polygon be projected on O A, the side A’G 
is eliminated, and we may write that 


Fig. 4—Spacr DIAGRAM OF THE ARMATURE AND FIELD M. M. F’S. 


Sum of projections onOA of (OA +AB+BC+4+CG)= 
Sum of projections on O A of (OK + K A’) (51) 
A comparison of this equation with equation (50) shows 
the two to be identical, and we conclude that the above- 
mentioned polygon represents equation (22). 

By analogy with equation (50), equation (23) may 
be written in the form: 


dy + €%- COS O5¢ + tq COS O45 + f o ty COS B 
= Ucos (E— 0a) + (s— S) (52) 


Thus, to represent equation (23), it is only necessary to 
replace K A’ by K B’ parallel to AB. When pro- 
jecting the new polygon on the direction A B, the un- 
known vector B’G is eliminated. Since both K A’ 
and K B’ are equal to s— S, the angles A’ K G and 
B’ K G must in reality be equal. 


6. The counter-clockwise rotation has been standardized 
for time vectors only, and there is no objection to using the 
clockwise rotation for space vectors. 
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we first eliminate 
The result is: 


To represent equation (24), 
eC by using equation (28). 


C74, + €%a COS Ocq + C2, COS 05. + cf ot; COS Y 
=cU cos (€ +-/0.2) - (S'S) = ki, -+ [kh Iz) (53) 


Here we have to distinguish between the case when 
¢ > 0 and when c = 0. When c > 0, both sides of 
equation (53) can be divided by c. The result corre- 
sponds to the polygon OA BCGC’ K, where K C’ 
= (s— S)c*— ki,c + [kI,./c] and is parallel to B C. 
When ¢ = 0 equation (53) is reduced to: 


s—S =ki,—[kI,] (53a) 
and permits to eliminate s — S in a simple manner. 


The polygon which corresponds to equation (25) 
isO A BC H, where: 


CH=friQ, —F Ij) (54) 


The sum of the projections of OA +AB+4+BC 
+ CH upon O P is always equal to zero, for any value 
of angle a. In other words, 


CN + Sum of projectionsof (OA+AB+ BC)=HN 
(55) 
This is identical with equation (25). 

As angle a varies, the directions O A, A B, BC re- 
main the same, only the values of the currents, and con- 
sequently .the positions of the points A, B,C, vary. 
The vector O K remains constant in magnitude and in 
direction. The vector C N turns soastoremain parallel 
to OP, and its part H N remains of constant length 
equal toF f7—I;. The diameters K Gand K L vary 
in magnitude and in direction. 

When there is no external reactive coil (that is, when 
k = O), S = s = O at all instants, and the voltage be- 
tween the neutral points remains equal to zero (see 
proof below). Consequently, both circles in Fig. 4 
shrink to zero and the diagram is considerably simpli- 
fied; see Appendix VI. 


Appendix IV 
PROOF THAT s = O WHEN k = O AND c > O 
Multiply equation (50) by c sin 6@,,, equation (52) by 
c sin 9,., and equation (53) by sin @,;, and add them to- 
gether. In the result, the factor by which c 7, is multi- 
plied is 
sin 6, + sin 0.4 COS O45 + SIN Aas COS Dea 


= sin 0,. + sin (Oca + as) (56) 

But, according to Figs. 1 and 2, 
Bar + Oe + Oca = 360 deg. (57) 
so that sin (82a + Oa.) = — sin (Oo) (58) 


Therefore, expression (56) is identically equal to zero. 
Similarly, it can be proved that the resulting equation 
does not contain 7, and 2,. 
One of the factors by which c 7; is multiplied in the 
result is: 
Cos a sin 0. + cos (@ — Oa») sin Oca + cos (@ + Oa) 
sin bab 


SUSTAINED SHORT-CIRCUIT 409 

= cos a@ (sin 43. + sin 8.4 COS Oa, + SiN Ao3 COS 824) 

+ sin @ (sin 0,, sin 0.4 — sin 6.4 sin 045) (59) 

In this expression, the term by which sin @ is multi- 

plied is identically equal to zero, and the term by which 

cos a@ is multiplied is the same as expression (56) which 

we have shown before to be equal to zero. Thus, the 

resultant equation does not contain 2;. For the same 

reason the quantity (U) iseliminated. Thus, the result 
is: 


(s— S) (csi @,. + csin 0.4 + sin 6,3) 
= ki;sin 645 — [k I, sin 0.5) (60) 
If k is not equal to zero then, since 2, is a function of 
time, (s) is also a function of time. But when k = O, 
s must be equal to (S), where (S) is a constant; conse- 
quently, (s) must also be constant. According to 
equation (18), this means that when k = O, (e) is also 
equal to zero, no matter how unbalanaced the phases 
may be. But, by assumption, (s) contains no constant 

term; hence, when k = O, 

= 5 =O (61) 
The foregoing deduction, being based on equations 
(56) and (59), presupposes that the coefficients of mutual 
inductance are harmonic functions of space angles; in 
other words, that equations (10a) to (11c) hold true. 
If the winding is such that these relations are not satis- 
fied, or satisfied only approximately, (s) may depart 
from zero and be a function of time. When equation 
(61) is satisfied, only two out of the three equations, 
(22), (23) and (24), are independent of each other. 
The third one can be obtained by properly combining 
the other two. The same is true of equations (50), 
(52), and (53). This may be seen directly from Fig. 4. 
When S = s = O, point K coincides with G (Fig. 6) 
and the closed polygonO A BCGK is the same for 
each of the three aforementioned equations. But the 
condition that a polygon is closed is expressed by stating 


that the sum of its projections on any two axes is equal 


to-zero. It is superfluous to equate to zero the sum of 
its projections on any third axis, because the equations 
so obtained can be written by properly combining the 
other two equations. This follows from the fact that 
if the projections of a vector on two given directions 
are known, its projection on any third direction is also 
known. 

Thus, in this case we have only four equations instead 
of five, but we also have only four unknown functions; 
namely, the armature currents and the field current. 
This ease is considered in detail in Appendix VI. 

The foregoing deduction, and the condition (61), do 
not necessarily hold true when one of the angles @ is 
equal to zero. Let, for example 0,; be equal to zero, so 
that @,,. = 360 deg. — 6... Then equations (50) and 
(52) become identical and can no more be considered as 
independent equations. Moreover, both sides of equa- 


' tion (53) cannot be multiplied by sin 6.,, because sin 


6., = O. From the physical point of view, when any 
two of the windings,—say A and B,—coincide in space 
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they form a single phase, with the winding C as the 
return phase. We thus have a single-phase circuit, the 
sum of the currents 7, and 7, being considered as one 
current. The voltage between the neutral and the 
terminals (Fig. 1) is then not equal to zero, unless 
c = O, that is, unless the phase C is simply a jumper 
of negligible impedance. This case is further con- 
sidered in Appendices V and X. 


Appendix V 
SINGLE-PHASE SHORT-CIRCUIT THROUGH AN 
INDUCTANCE 
Let, in Fig. 1 and 2, the angle @,, be equal to zero, so 
that the windings of the phases (A) and (B) coincide. 
Let the angle @,, now be simply denoted by 6; then, 
6.2 = 360 deg.— 6. The currents (7,) and (2,) do not 


exist singly, but their sum is equal to — 7,. Equation 
(50) becomes, 
—1i,(1—ccos #) +fat;cosa 

= Ucosé + (s— S) (62) 


Equation (52) becomes identical with equation (62) 
and cannot be used. Equation (53) becomes, 


te (C2? — ccos 0) + cf ot; cos (a— 8) 
= cU cos (é— 0) + (§s— S) — ki, + [Kk I.] (63) 
Equation (25) becomes, 


seo 7 


Fig. 5—DeFrIniTION OF THE AUXILIARY QUANTITIES B AND 6! 


fru +7, [e cos (a— 0) — cosa] = Ff rT; (64) 
To eliminate (s — S), we subtract equation (62) from 
equation (63). The result is, 
7-[2-—2ccos6+1+k] +f 072; [c cos (a— 6) — cos a] 
= U[ccos (¢— 0) — cos¢] + [kI.] (65) 
In this equation, the expressions within all the brackets 
can be simplified by introducing auxiliary quantities 
(b) and (8@’), shown in Fig. 5. (AC) isa unity vector; 
(A B) is equal to (c) and is drawn at an angle (6) to 
(A C). Then, (0) is the closing side of the triangle and 
(6’) is the angle between (b) and the perpendicular 
BD to AC. Let the direction A.E be drawn at an 
angleatoAC. Then, from the geometry of the figure, 
the angle at E is equal to 90 deg. + 0’— a, and we 
have, 


1—ccos 0 = bsin 0’ (66) 
csin 6 = bcos 6’ (67) 
6b = ce? +1-— 2ccos 0 (68) 
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Multiply equation (66) by (cos a) and equation (67) 
by (sin a); subtracting the first result from the second, 
gives, 


c cos (a — 8) — cosa = bsin (a— 6’) (69) 
and by analogy, 
c cos (£— 0) — cos — = bsin (E— 0’) (70) 
Therefore, equation (65) becomes, 
i. (b? +k) + fobi;sin (a— 0’) 
= Ubsin (— 0’) + [kT] (71) 
while equation (64) is reduced to, 
bi,.sin (a— 0’) +fro4 =F fr, (72) 


Solving equations (71) and (72) for 2, and 2;, we get, 


FI,(1 + (k/b)|— [kI1 7 sin(a = 6’)/(bf) 
— (U/f) rT sin (£— 6’) sin (a— 0’) 


= T+ ef) — Basin (a 67) 
(FIRST gn ee 

+ (U/b) sin (&— 6") + kT /0° ee 

tet = FT (h(a ci (ee) Eo) 


where K? is defined by equations (12) and (13), and the 
subscript (1) stands for “single-phase.”’ For the deter- 
mination of the constants, U, &, and F, see Appendix 
II. In particular, for a permanent short-circuit, 
U = O, I, =O, and comparing equation (73) with 
equations (47 a) and (48), we find that, 
mia n= 1 +(k/b) ag = 0b 

Hence, equation (49a) will give, 
Fai = [1 + (&/0)]". 

{ (1 + (k/b?) — 0.5 K2]? — (0.5 K2)2 } 0-5 (75) 
For a graphical interpretation of equations (71) and 
(72), see Appendix XI. 


Appendix VI 


THREE-PHASE SHORT-CIRCUIT WITHOUT EXTERNAL 
INDUCTANCE 


It is shown in Appendix IV that s = O when there 
is no external inductance in the phase C (k = O). In 
this case, Fig. 4 is simplified to Fig. 6, because the dia- 
meter K G of the circle shrinks to zero.?. The armature 
currents are shown in Fig. 6 in a somewhat different 
order; namely, the vectors O A and B D (= A E), both 
of which are proportional to (7,), are placed in succession. 
Similarly, the vectors A B (= E' D) and DC, both pro- 
portional to (2), are drawn together. While the 
resultant vector between O and C is not changed there- 
by, it becomes possible to combine the vectors (7) and 
(c 7.) into one vector, O E = 17,, where (l) is a numeri- 
cal factor; the direction of O E is characterized by 
the angle \ which it forms with OA. The sum of the 
vectors ED and DC is represented by the vector 
EC =hi, where (h) is a constant factor; EC is 

7. Fig. 6 does not hold true when 6,4,= 0, even though (s) 


may be equal to zero. We then have a single-phase short- 
circuit, considered graphically in Appendix XI. 
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characterized by the position angle (ny) which it forms 
with OA. In this manner, the number of armature 
current vectors between O and C is reduced from four 
to two, shown by the heavy lines. 

Equations (50), (52), and (53), together with the 
conditions s = S = k = O, represent the sums of the 
projections of the sides of the closed polygon OA BC 
G O (Fig. 6) on three different directions. But, the sum 
of the projections of this polygon on any axis is equal to 
zero. Hence, these three equations can be combined 
into one vectorial equation of the form: 

La Pa i, 7 (%ab +6) ee €7— %ca +6) a a G ay ei (& +8) 

= Tf @eGt® (76) 
In this expression, (6) is an arbitrary angle; by giving it 
a suitable value and equating the real and the imagi- 
nary parts of equation (76) separately to zero, alge- 
braic equations of projections on any two desired per- 
pendicular directions can be obtained. 


Fie, 6—A ParticunarR CasE oF Fic. 4, wHEN HE = 0 


Substituting for (z.) its value from equation (5), 
equation (76) becomes, 
id fle? — ¢ eff Seat)] 4 4, [ei(2ar +9) _ ¢ gi(— Pca +9)] 

=a. Ti PAG 0) ae f o ay Pelee +6) (77) 

The two vectors in the first brackets represent O A and 
AE, respectively; the two vectors in the second 
brackets represent the vectors H D and DC. Using 
their geometric sums, OH and EC, equation (77) is 
simplified to: 


li, ei +8) + his fre Tp ater): = fot ei (e +8) (78) 


To solve this equation for 7,, we put, 

n + 6 = 90 deg. 
Then, the real part of the equation becomes, 
17, cos (A + 90 deg. — n) = U cos (€ + 90 deg. — 7) 


(79) 


— f ai; cos (a + 90 deg. — 7) (80) 
Solving for 7,, we get, 
é U sin (§ — n) — f o 7; sin (a — n) (81) 


Va isin (\— 7) 
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By analogy, putting in equation (78) \"+ 6 = 90 deg., 
we obtain, 

s U sin (£— A) — f 77% sin (a — X) 
A h sin (yn — 2d) 


The auxiliary quantities (J) and (A) are found from 
the equation, 


Ub 


(82) 


ke™® = 1—¢ e7% (83) 
Equating separately the real and the imaginary parts, 
we get, 
Leos \ = 1— cos 0,4 (84) 
(85) 
From these equations, (J) and (\) can be readily com- 
puted. Similarly, for (h) and (n) we may write, 


lsin A = csin 0,, 


h ei = ¢/ %ab =< € %ca (86) 

from which, 
h cos n = COs Og, — € COS Bea (87) 
hsin yn = sin 6.4, + csin 6.4 (88) 


The field current (7;) is determined from the condi- 
tion, 


HG = Ucos(a— §) =HN-—-GN (89) 
Consequently, 
U cos (@ = §:) =F f 72 t;— CU 1411, — f ¢2,) (90) 
from which, 

' F I,— 7 (U/f) cos (a — £) 

i= — aye (91) 
where K? is defined by equations (12) and (13). Sub- 


stituting the value of (7;) from equation (91) in equa- 
tions (81) and (82), we get, 


i, = [1 — 0.5 K2) Usin (£— n) — of FI; sin (a — n) 
+ 0.5 K? U sin (2a—£—n)]/(l (1 — K?) sin (A— n)] (92) 
i, = [1 — 0.5 K?) Usin (€— A) — of FI; sin (a— d) 
+ 0.5 K?U sin (2a— &— X)] /[h A — K*) sin 
(n— A)] 


In the derivation of these expressions, the following 
trigonometric transformation was used: 


(93) 


cos (a — £) sin (a — n) 
= 0.5 sin (2a— €— 7) + 0.5’sin (€ — n) . (94) 
From equations (92) and (93), using equation (5), we 
can readily find the value of 7. = — (ta + 1). 
Equations (91), (92), and (93), are not applicable 
when one of the space angles, say 02», becomes equal to 
zero. This case is analyzed in Appendix X. 


Appendix VII 
SPECIAL - CASES OF SINGLE-PHASE SHORT-CIRCUIT, 
EQUATIONS (73) AND (74) 
When k =O, these equations are simplified as 
follows: 
(a) For the initial short-circuit, with equations 
(40), (41), and (46) satisfied: 
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. | I, [1 — K? sin (ato = 0”) sin (a —''0")] 

ini = l- Keane (94a) 
(ee (f o I;/b)[—sin (a — 6’) + sin (a SP} (95) 


1— K?’ sin? (a— 6’) 
where the subscript (1) stands for ’’single-phase’”’ and 
the subscript (7) for “‘initial.’”” The denominator can 
also be transformed into a function of 2 a; namely, 
1 — K? sin? (a — 6’) 
= (1— 0.5 K’) + 0.5 K? cos 2 (a — 0’) (96) 
If (2.1;) and (2j;) are to reach their greatest possible 
values after the short circuit occurs, we must put, 
Q) — 6’ = — 90 deg. (97) 
Thus, equations (94) and (95) have their maxima at 
a— 0’ = 90 deg. (98) 
that is, half a cycle after the instant of short-circuit. 
(1) Single-phase machine, or a polyphase machine 
with one phase-terminal grounded to the neutral. The 
winding C then electrically does not exist, so that 
c =O. From equations (66) and (67), 6 =1 and 
0’ = $0 deg. Consequently, a) = O, and, 


1— Kk? cosa 


tna = ds 1— Kk? cosa ce) 
: : 1— cosa 
tiga Cp ae (100) 


These expressions agree with Franklin’s equations (10) 
and (11), remembering that his (2,) is the same as our 
(— Veri)« 

(2) Two-phase machine, terminal-to-terminal short- 
circuit. In this case, c = 1 and 6 = 90 deg. Equa- 
tions (66) and (67) are satisfied when 0’ = 45 deg. and 


b = 2. Consequently, a) = — 45 deg. and 


1+ K’* sin (a — 45 deg.) 


prs Posies eta (a — 45 deg.) 


(101) 
1 + sin (a — 45 deg.) 
1 — K? sin? (a — 45 deg.) 
These expressions are identical with Franklin’s equa- 
tions (23) and (24), keeping in mind that his current 
(i) in the machine itself is equal and opposite to our 
current (7,;;) in the external connection. 

(8) Three-phase machine, terminal-to-terminal short- 
circuit. In this case, c = 1 and 6 = 120 deg. Equa- 


—ia; = (fo T/x/2) (102) 


tions (66) and (67) give 6’ = 60 deg. and b = 1/3. . 


Hence, a» = — 30 deg. and, 


1 + K’ sin (a — 60 deg.) 
1— kK’ sin? (a — 60 deg.) 


(aay (103) 


a 1 + sin (a — 60 deg. 
—iai = (fo Ly/ V8) erate By ey 


These expressions agree with Franklin’s equations (40) 
and (41). 
(b) For the permanent short-circwmt, U =O. From 
equation (75), putting k = 0, we find 
Pos Tee 


(104) 


(150) 
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so that equations (73) and (74) become 
V1-K 


tne = Ly TR sint (a — 0) ane) 
by) ZTE ALT ee eas; 
tap =[IyfovV/1 )/0] 1— K? sin? (a— 60’) ( ) 


In these expressions, the values of (6) and (@’) are the 
same as those computed above for the initial short-cir- 
cuit. With these values, equations (106) and (107) 
will be found to check with Franklin’s equations (80) 
and (81), except for the sign of the armature current, as 
explained above. 

For a graphical representation of the field and arma- 
ture currents in the single-phase case, see Appendix XI. 


Appendix VIII 


Some PARTICULAR CASES OF POLYPHASE SHORT- 
CIRCUIT, EQUATIONS (91) TO (94) 


(a) Initial Short-Circmt. Assuming equations (40), 
(41), and (46) to be satisfied, we get 
1 — K?* Cos (a — a) 
1- k2 
~ (1 — 0.5 K2) Sin (n — ao) 
fi +Sin (a — 7)—0.5 K? Sin (2 a — ay — n) 
e L(t hey Sina) 


toss = I; (108) 


taza =f o 


(109) 

(1 — 0.5 K?) Sin (ao — 2X) 
pane ee —Sin (a— d)+0.5 K? Sin (2 a@— a— Xd) 
acca neki h A — K®) Sin (7 — A) 

(110) 
where the subscript 232 stands for ‘‘two-phase- or three- 
phase, initial short-circuit’’’. 

The field current reaches a maximum value 


max. 17234 = I; (1 ++ Kyi — K?) (111) 
at the field position corresponding. to 
a— a = 180 deg. (112) 


that is, half a cycle after the instant of short-circuit. 

Let it be required to find the values of a» and @ such 
that the current 7, reaches its absolute maximum. 
The numerator of expression (109) becomes a positive 
maximum when the following three conditions are 
fulfilled: 


sin (7 — Q) =1 (113) 
sin(a— 7) =1 (114) 
sin (2a@—a— 7) =-1 (115) 
These equations are satisfied when 
Qo = n — 90 deg. (116) 
= 7 + 90 deg. (117) 


The same result can be obtained by equating to zero the 
partial derivatives of expression (109) with respect to 
a@and a. We see that the armature current in phase 

8. The equations deduced in this Appendix do not hold true 


when 64,=0. We then have a single-phase short-circuit 
treated in Appendices V, VII, and XI. 
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A reaches its maximum half a cycle after the instant 
of the short-circuit. Substituting the value of ap 
from equation (116) in equations (108), (109), and 
(110), gives 

1— K’* sin (n — a) 


doa: = Ty Si das REO cea (118) 


laosi =f Oo I; 


(1 — 0.5 K?) + sin (a — n) — 0.5 K? cos 2 (a — n) 
[1 — K®) sin (y— A) 


(119) 
— (1—0.5 K?)cos (n— X) 
antics! —sin (a— dA) + 0.5 K? cos (2a— n— Xd) 
pans gene et f h 1 — K®) sin (7— A) 
(120) 

(1) Two-phase machine, two-phase short-circuit. In 
this case c = O and 6,, = 90 deg. From equations 
(84) and (85), /=1 and }\ =O. From equations 
(87) and (88), h = 1, n = 90 deg. Consequently, 


a= (121) 

oh a ee (122) 
ere (1 — 0.5 K?) — ee 0.5 K? cos2a (123) 
cog PR eS ae (124) 


These expressions are identical with Franklin’s 
equations (48) to (50). 

(2) Three-phase machine, two-phase short-circut. 
Here again c = O, but 6,, = 120 deg. Consequently 


fis NOs hk =: yy = 120-deg. .- Therefore, 
ay = 30 deg. (125) 
oes 2 ee 
LA eee y 1—K oe 30 deg.) (126) 


taxsyi = fol; (2//8) - 
(1— 0.5K?) —cos (a— 80deg.) + 0.5 K2cos2 (a— 30 deg.) 
1-—- kK? . 
(127) 
1b9 (3) 4 =foTI; (2/ /3) - 
0.5 (1 — 0.5 K?) —sin a—0.5 K? cos 2(a+80 deg.) 
1— Kk? 
(128) 
These expressions agree with Franklin’s equations 
(57) to (59). 
(3) Three-phase machine, three-phase short-circuit. 
In ‘this case c= 1; 6,4, = 0.4 = 120 cdeg. Hence, 


l= 3; \ =30 deg.; h = V3; » = 90 deg. We 
therefore have: 

(diy SS O (129) 

tysx = Ty sae dere (130) 


= (2/3) fo I;- 


Vass 
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(1 — 0.5 K?) — cosa + 0.5 K? cos 2a 
1— Kk: 


Vos: = (2/3) f o I; ° 


0.5(1—0.5K?) +sin (a—30 deg.) +0.5 K? cos(2a+30 deg.) 
1— Kk? 


(131) 


(132) 
These equations check with Franklin’s formulas (71) 
to (74). 

(b) Permanent Short-Circewt. In this case, ac- 
cording to equation (43), U =O, so that equation 
(91) gives 

ty = F Perl -e ‘K?) (133) 
But the armature currents cannot induce a constant 
e.m.f. in the field circuit, so as to reduce the field 


current J; in a constant ratio F/(1— K?). Hence, 
ig = I; (134) 
and 
F=1-K (135) 
Equations (92) and (93) become 
pe. aod Tpsin (aa): 
Lae3p - L sin (n = Ny) (136) 
Lyo3p a o ff; sin (@— A) (137) 


h sin (n — X) 
In these expressions, the same values of 1, A, h, n, apply 
as those deduced above for the initial short-circuit. 
We, therefore, get the following specific results, all of 
which check with the corresponding expressions de- 
duced by Mr. Franklin. 

(1) Two-phase machine: 


lap = — of I; cosa (138) 
lop = —ofI;sna (139) 

(2) Three-phase machine, two-phase. short-circuit: 
142(3)p = — (2/8) o f I; cos (a — 80 deg.) (140) 
io(3)p = — (2/78) of I; sina (141) 


(3) Three-phase machine, three-phase short-circuit: 


laayp = — (2/8) of Ip cosa (142) 
lisp = — (2/8) o f I; sin (a — 30 deg.) (143) 
Appendix IX 
INDIVIDUAL VS. COMMON SHORT-CIRCUIT TO THE 
NEUTRAL 


1. Two-Phase Short-Circmt. For a two-phase ma- 
chine, the general diagram of connections shown in 
Fig. 1 is reduced to that shown in Fig. 7A, by putting: 
L=L,=0O. Therefore, the formulas for two-phase 
short-circuit currents, deduced in Appendix VIII, 
apply to Fig. 7A. However, the currents in the case 
shown in Fig. 7B are identical with those in Fig. 7A, 
so that the same formulas hold true, no matter whether 
a common jumper (j) is used for both phases, or indi- 
vidual jumpers, (j:) and (js), for each phase. The 
connection (jz) does not affect the values of the currents. 


The fact that the diagrams shown in Fig. 7A and 
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7B are electrically equivalent follows directly, from a 
consideration of the magnetic linkages in both cases. 
The currents in Fig. 7B at each instant are of such 
values as to keep the flux in each circuit constant. 
But in Fig. 7A the points (p) and (q) are at the same 
potential, because the jumper (7), by assumption, is 
of zero resistance. Thus, the same two individual 
circuits exist in Fig. 7A as in 7B, and the first Kirchoff 
law does not enter in the problem. From a formal 
mathematical point of view, the same linkage equa- 
tions can be written for both diagrams; hence, the 
solutions for the currents are also identical. 


ru 
OOQ0000 


Fig..7—Common Anp INDIVIDUAL Two-PHaAsEe SHORT-CIRCUIT 


2. Three-Phase Short-Circwit. When in Fig. 1 the 
external inductance (LZ) is omitted, the diagram of 
connections becomes identical with Fig. 8A. There- 
fore, the formulas deduced in Appendices VI and VIII 
apply first of all to the short-circuit of the three ter- 


minals, as shown in Fig. 8A. However, it may be - 


shown that the same results hold true for the case 
shown in Fig. 8B, with a jumper connection (j) be- 
tween the short-circuited terminals and the neutral, 
and also to the case shown in Fig. 8c where each phase 
is short-circuited individually. 

It is proved in Appendix IV that the difference of 
potential between the points (p) and (q) in Fig..8A 
is zero at all instants. Hence, the addition of the 
jumper (7), shown in Fig. 8B, does not alter the poten- 
tial distribution in the phases. Moreover, the sum 
of the three armature currents in Fig. 8A is equal to 
zero at all instants, and since the phase currents are 
the same in Fig. 8B, the return current 7, in the common 
return conductor (j) theoretically is equal to zero. 
Of course, in practise, some return current may be 
expected, partly because the resistances have been 
neglected, and partly due to higher harmonics, multiple 
of three. Moreover, (s) has been shown to be equal to 
zero only when the mutual inductances obey the har- 
monic law, in accordance with equations (10a) to 
(11c); otherwise (s) may be a function of time. 

For the case of the individually short-circuited arma- 
ture phases, Fig. 8c, equations (1) to (4) apply, with 
e = QO. Equation (5) does not necessarily hold true. 
By first transforming equations (1), (2), and (3) into 
the form (50), they can be finally combined into the 
vectorial equation (76). Equation (4) can be re- 
duced to the form (90) and gives a perfectly definite 
value of the field current. Equation (76) is equivalent 
to two algebraic equations of projections, for the three 
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unknown quantities? ,,73,%-. Thus, theproblem seems to 
be indefinite and to admit of an infinite number of sets 
of values of armature currents which satisfy all the 
equations which apply in this case. 


This indefiniteness is due to two simultaneous as- 
sumptions made in this investigation; namely, (a) 
that the resistances of the windings are negligible and 
(b) that the coefficients of mutual induction are cosine 
functions of the space angles. If either one of these 
assumptions be dropped, the problem becomes definite. 
We shall consider the two cases separately. 

(a) Armature windings possess small resistances. 
By assuming the resistances to be small, we can neglect 
their influence in the foregoing linkage equations, but 


- at the same time add the condition that the heat 


generated is a minimum’. 
We then have 

Tate + rote +712 = min. (144) 
This is a fourth condition which, with the foregoing 
three, makes it possible to obtain definite values of 
armature currents. For example, if the three re- 
sistances are equal, equation (144) may be written 
in the form 


(Gao + At)? + (too + At)? + (eo + AZ)? = min. (145) 
where 740, 250, teo are some currents which satisfy 


‘Kirchoff’s first law, so that 


OP air Lb0 oe Leo = O (146) 
The quantity A ¢ is the unknown difference between 
the real currents and the fictitious currents which 
satisfy equation (146). Equation (145) may be 
written in the form 


Fig. 8—Turee Kinps or THREE-PHASE SHORT-CIRCUIT 


(tac? ae Lye? is 40?) + 2 A a (a6 He tbo =F V0) 
+ 3 (A7)? = min. (147) 
The second term is equal to zero in view of equation 
(146), and the remainder becomes a minimum when 
Ai =O. Thus, the three currents which satisfy 
Kirchoff’s first law produce the least amount of heat 
loss and are those which would actually flow under the 
limitations specified above. 


In the general case, two of the armature currents, say 
7, and 7, can be expressed through the third, 7., and 


9. J. H. Jeans, The Mathematical Theory of Electricity and 
Magnetism, Fourth Edition, p. 321. Because of the small 
magnitude of the resistances and a comparatively low frequency, 
this law may be assumed to hold true for the variable currents 
in the case under consideration. 
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their values substituted in equation (144). Equating 
to zero the first derivative with respect to 7,, the latter 
can be determined, and consequently the other two 
currents evaluated. 


(b) The coefficients of mutual inductance between the 
armature windings depart from the cosine law. In this 
case the equations (1), (2) and (3) still hold true (with 
e = O), but after integration give three independent 
equations, which cannot be reduced to two equations 
of projections, as heretofore. These three equations, 
together with the integrated equation (4), give four 
conditions which the four currents must satisfy. 
The problem is then perfectly definite. 

As an example, consider three identical windings 
displaced by 120 electrical degrees, as in an ordinary 
three-phase alternator. Equations (1), (2), and (3), 
after integration and evaluation of the constants of 
integration, become: 

Li,+Mr + M2, +2 My vy (a) 


= I; My ¥ (a) (148) 
Li, + Mi, + Mi, + i; M; v (a — 120 deg.) 

= I; M; yp (Qo — 120 deg.) (149) 
Li, +Mi, + M i, +1, M; y (a + 120 deg.) 

= I; M; yp (Qo + 120 deg.) (150) 


In these expressions, the subscripts a, b, c, of (L) and 
(M) have been omitted since these quantities are the 
same in all the three armature phases, because of the 
assumed symmetry of the windings. MM; is the maxi- 
mum value of the mutual inductance between the field 
winding and one of the armature phases, when the two 
are in space opposition. The function y (@) expresses 
the law according to which the mutual inductance be- 
tween the field and an armature phase winding varies 
with the angle a. Adding the three equations term 
by term, we get: 

(L = i 2M) (ha > Lp a Ve) 

= I; M; [v (ao) + ¥ (ao — 120 deg.) 

+ p (ao + 120 deg.) ] — 1 M;[ ¥ (a) 

+ y(a-+ 120 deg.) + yy (a— 120deg.)] (151) 
Everywhere -in the text above it is assumed that 
¥ (a) = cosa. With this assumption, both expres- 
sions in the brackets on the right-hand side of the 


foregoing equation are equal to. zero. On the left 
hand side, we then must have 

either L+2M=0O (152) 
or tate +t =O (153) 


Assuming equations (7) and (10) to hold true, equa- 
tion (152) is satisfied, and, therefore, equation (153) 
does not necessarily have to be satisfied. This leads 
to the indeterminate case mentioned above. On the 
other hand, if the mutual inductances of the armature 
phases do not follow exactly the cosine law, while the 
mutual inductances between the field and the armature 


10. Iam indebted to Mr. R. H. Park for having called my 
attention to the relationship expressed by equation (151) and to 
the fact that equation (152) must be satisfied when equation 
(153) does not hold true. 
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do, equation (152) is not satisfied, and, therefore, 
equation (153) must hold true. This is equivalent 
to including equation (5). with equations (1) to (4) 
and thus making the problem definite.” 

Summing up the foregoing discussion, it would seem 
that in the case represented by Fig. 8c, the currents 
may be expected to satisfy equation (5) at least ap- 
proximately, and that in machines of the usual types 
the short-circuit according to Fig. 8c is electrically 
equivalent and causes nearly the same currents as a 
short-circuit according to Fig. 8A or 8B. 

Delta-connected machine. The conditions as analyzed 
above for Fig. 8c also apply to a short-circuit of all the 
three terminals of a delta-connected machine. Here 
also we have three individual windings, each short- 
circuited upon itself, with practically no current inter- 
change between the phases. We, therefore, reach the 
conclusion that the short-circuit currents in the wind- 
ings themselves have the same values as have been 
deduced above for Y-connected windings. The in- 
stantaneous current in each lead to a terminal is equal 
to the algebraic difference of the currents in the adja- 
cent phase windings. 


Appendix X 
THE CRITICAL CASE OF 6,, = O 


Let in Fig. 1 and 2, the space angle (6,,) betweenthe 
windings in the phases A and B be gradually reduced to 
zero so that in the limit the axes of both windings coin- 
cide in space. With @,, = O, equations (84) and (85) 
become identical with equations (87) and (88), so 
that \ = n. Consequently, from equations (92) and 
(93), 

Ope (154) 
Thus, it would seem that, as the two windings approach 
a coincidence, a circulating current of ever increasing 
magnitude takes place between them, while both the 
current in the third branch and the field current re- 
main of finite magnitude, the latter current being 
expressed by equation (91). On the other hand, when 
the phases A and B coincide, they simply form a single- 
phase winding consisting of two parallel branches 
(Appendix V), and there is no physical reason for 
an infinitely large circulating current between the 
branches. Moreover, equation (91) does not hold 
true for a single-phase circuit; in Appendix V it is 
shown that in this case the denominator of the ex- 
pression for (2;) is also a function of (@). 

We thus have a seeming paradox that the answer © 
to the case 6,, = O is different, according to whether we 
gradually reduce this angle to zero and use the formulas 
for the polyphase circuit, or assume a single-phase 
circuit beforehand and use the corresponding equa- 
tions. The following considerations will help to under- 
stand the real conditions. 

(1) All the equations in Appendix VI are deduced 
on the supposition that s = O because k = O. How- 
ever, it is shown at the end of Appendix IV that pre- 


cay gesagt 
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cisely in the case of 6,, = O, this conclusion does not 
hold true, unless (c) is also equal to zero. Thus, the 
case under consideration cannot be treated as a partic- 
ular application of equations (91) to (93). 

(2) Fig. 6 does not hold true when (s) is not equal 
to zero, and the more general Fig. 4 must be used. 
Consequently, equation (90) does not apply in this 
case and the field current is not expressed by equation 
(91). 

(3) Equations (81) and (82) are based on equation 
(76). When 6,, = O, equation (76) can be solved 
only for the sum of 7, and 7, and not for each current 
separately. 

(4) Even when k =c =s =O, Fig. 6 does not 
hold true for 6,, =O. In this case equations (50) 
and (52) are identical and both are reduced to the form 
(ta +%) +fot,cosa 

= d.+1I.) +fol;cosa, =A (155) 


Equation (53) becomes O = O. The condition (155) 
does not require that the quantities (7, + %),fo4,, 
and A, form a closed triangle. The vectorial condition 
of a closed polygon exists only when equations of pro- 
jections, such as (155), can be written for two direc- 
tions. But, if Fig. 6 does not apply in this particular 
case, equation (90) cannot be written, and its solution, 
equation (91), does not hold true. A graphical repre- 
sentation of the single-phase short-circuit is given in 
Appendix XI. : 

(5) According to equations (92) and (93), the 
currents (7,) and (7;) increase indefinitely as the angle 
6,5 approaches zero. On the other hand, equations 
(1) and (2) show that the voltage (e) induced in each 
phase tends to a finite limit. Throughout this investi- 
gation, the resistance of the windings has been neglected, 
because, with finite currents, the ohmic drop is small as 
compared with the various induced voltages which 
balance each other magnetically. However, in this 
particular case, with the currents seemingly tending to 
infinity, the ohmic drop, if properly considered, would 
limit the currents to moderate finite values. In other 
words, the very fact that the armature currents tend 
to infinite values when @,, approaches zero, shows the 
necessity of using, in this particular case, more ac- 
curate differential equations, that is, equations of the 
form (1) with the term (7,7.) added on the left-hand 
side. 

The following three conclusions are therefore reached; 


(a) As 6,, becomes smaller, the currents in the 
phases A and B become larger. 

(b) For small values of 6,., current equations de- 
rived without considering the ohmic drop are not 
reliable and should not be used. 

(ec) When @,, = O, the phases A and B become 
two windings in parallel, and the formulas derived in 
this investigation for the single-phase short-circuit 
should be used. 
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Appendix XI 


GRAPHICAL REPRESENTATION OF (CURRENTS IN A 
SINGLE-PHASE SHORT-CIRCUIT 


The relations treated in Appendix VII have a 
graphical interpretation shown in Fig. 9. We shall 
limit the analysis to the simplest case of c = O. Put- 
ting in equation (22) 6,, = O,c = O, and s = O, and 
using — 7, in place of (74 + 7), we get, 

—i.+faor%rcosa=A (156) 
where the constant of integration (A) is equal to the 
value of the expression on the left-hand side of equa- 
tion (156) at the instant of short-circuit; that is, 

A=-—I,+foalI; cos ao (157) 
Equation (23) becomes identical with equation (156), 
and equation (24) gives O =O. Equation (25) 
becomes, 

(158) 


f tT 47 Ue COS OF =F fia iel 


Fic. 9—GRAPHICAL INTERPRETATION OF SINGLE-PHASE SHORT- 
CiRcUIT 


Multiplying both sides of this expression by K?, 
according to equation (13), we get, 
foi,— K?t1,cooa=F fal; (159) 
Equations (156) and (159) are the only ones to 
be satisfied; they can be combined into a single diagram, 
as shown in Fig. 9. The current (7,), at a certain 
instant corresponding to the angle (a), is represented 
by the vector CB." The vector C D = f o7,;, repre- 
sents the field current referred to the armature circuit 
by means of the factor f co. The length B E represents 
the constant of integration A. Therefore, equation 
(156) simply becomes, 
BC+CE=BE (160) 
Point N is so chosen that it divides the length BC in 
the ratio of K? to.1— K?, and CN = K?i,. The 
length G D is constant and equal to Ff aI; Hence, 
equation (159) becomes, 


11. Space vectors and not time vectors are, of course, under- 
stood. The currents are non-sinusoidal in time and the length 
of a vector gives only an instantaneous value. 
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CD-CG=GD (161) 
Here C D and C G are to be understood as two vectors 
drawn from point C in the oppos te directions. Their 
difference, G D, is represented by a vector connecting 
their extremities Gand D. . 

To make this diagram represent the conditions at 
any instant of time, assume BE to be constant in 
direction and magnitude, and draw the direction HH’ 
perpendicular to BE. Out of a sheet of paper or 
celluloid, cut the figure DG P in which DG = F fa I,, 
and GP is perpendicular to GD. Imagine a pair of 
proportional dividers, B CQ, with their points laid 
along B E, so that the ratio of B N to N C-always re- 
mains the same when the points C and N move along 
BE. For a chosen position of C, there is but one 
possible position of the figure DG P for which D lies 
on E' E’, G D passes through C, and G P passes through 
N. This determines the angle (a) and the instan- 
taneous value of the field current (7;) for the chosen 
value of (7.). Conversely, by assuming a value of 
(a), the position of C may be found and hence the 
instantaneous values of the armature and field currents. 

Thus, the periodic variations of 7, and 7; can be 
visualized, and the instantaneous values actually 
measured, by assuming G D to be rotating in the plane, 
with the point D always remaining on EE’ and the 
sides GD and GP passing through the points C and 
N of the proportional dividers. The point C is vari- 
able, but the angle E' C D always gives the instant to 
which the values of the currents refer. 

For an initial short-circuit, A 1s given by equation 
(157). For a- sustained short-circuit, A =O (see 
Appendix II), and the points B and EF coincide. The 
value of F for the initial short-circuit, according to 
equation (45), is determined by the condition, 

(F—-1)f77; = — I, cos a (162) 
When J, = O,F =1. For a permanent short-circuit, 
F is determined by equation (105). 

One can thus visualize the change from a transient 
to a permanent short-circuit by starting in Fig. 9 
with the values of A and F corresponding to an initial 
short-circuit and assuming the lengths BE and GD. 
to change gradually to their final values, while G D is 
revolving uniformly and thepoint C is moving periodic- 
ally up and down. 


Notation 


(All the quantities are understood to be per pole, 
where such an interpretation is possible.) 


A; B,C Constants of integration referring to 
the armature currents; equations (22) 
to (24). 

F Constant of integration referring to the 
field current. 

Tatas bs The initial values of the armature cur- 
rents, at the instant of short-circuit. 

I; Initial or steady value of the field cur- 


rent at the instant of short-circuit. 
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Coefficient of magnetic coupling, equa- 
tions (12) and (13). . 

External inductance in phase C, Fig. 1. 

Self-inductances of the armature phases. 

Self-inductance of the field current. 

Coefficients of mutual induction be- 
tween the armature phases. 

Coefficients of mutual induction be- 
tween the field winding and the three 
armature phases, respectively. 

See equation (19) 

Numbers of turns in the armature 
windings. 

Number of turns in the field winding. 

Permeance of the useful (or common) 
magnetic path through the field and 
the armature. 

Initial value of s at the instant of short- 
circuit. 

Constant of integration, defined by 
equations (26) to (31). 

Auxiliary constant, defined by equa- 
tions (35) and (36), and by Fig. 3. 
It is also defined by equations (66) 
and (67), and by Fig. 5. 

Ratio of turns in phases C and A; 
equation (20). 

Instantaneous voltage between the ter- 
minals and the neutral in Fig. 1. 

Ratio of turns in the field winding and 
the phase A; equation (21). 

Frequency of the armature currents in a 
steady state. 

Geometric sum of 1 and c¢; Fig. 6, 
triangle EDC; equations (87) and 
(88). | . 

Subscript signifying “‘initial short-cir- 
cuit.” 

Instantaneous currents in the armature 
phases, Fig. 1. 

Instantaneous value of field current. 

J/—1 

Numerical factor which characterizes 
the external inductance L, equation 
(9). 

Geometric sum of 1 and c; Fig. 6, tri- 
angle O A E; equations (84) and (85). 

A constant; equation (47a). 

A constant; equation (48). 

Subscript signifying “‘permanent short- 
circuit.” 

A constant; equation (48). 

Auxiliary function of time defined by 
equation (18). 

Time. 

Coefficient of proportionality, defined 
by equation (42). 
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12,3 Used as subscripts, indicate the number 
of phases. 

Variable electrical angles which deter- 
mine the instantaneous position of 
the field winding with respect to the 
three armature windings; Figs. 1 and 
2, and equations (14) and (15). 

The initial values of a,6,y, at the 
instant of short-circuit. 

An arbitrary angle; equation (76). 

Base of natural logarithms. 

n Angle at E, Fig. 6; equations (87) and 

(88). 

0 The value of the angle #, when @., = 0; 
Appendix V. 

Electrical angles between the armature 
phases, Figs. 1 and 2; the sum of these 
angles is equal to 360 deg. 

OM Auxiliary angle defined by equations 

(66) and (67), and in Fig. 5. 


(8 aoa g 


Qo, Bo, Yo 


Aad; Ox. Gia 


Ge? Auxiliary constant angle defined by 
equations (35) and (36), and in 
Fig. 3. 

r Angle at O, Fig. 6; equations (84) and 
(85). 

é Constant electrical angle defined by 
equations (26) to (31). 

o Magnetic leakage coefficient of the 


armature circuit, defined in a manner 
similar to equation (6). 

T Magnetic leakage coefficient of the field 
circuit, defined by equation (6). 

o A function of the time-angle a; equa- 
tion (47a). 

y A function of &; equations (148) to (150). 

OZ or fo Electrical angular velocity, or the angu- 
lar speed of a two-pole machine. 
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Short-Circuit Currents of Synchronous Machines 
BY R: F. FRANKLIN* 
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Synopsis.—The importance of short-circuit forces in large 
alternators has warranted an investigation of them. The first step 
in this investigation, which is discussed in this paper, ts the calcu- 
lation of the short-circuit currents that produce them. The method 
of solution used is that of the assumption of zero resistance and 
constant flux linkages which has proven so useful in the solution 


INTRODUCTION 


NE of the difficult problems encountered in the 
QO design of large alternators is that of providing 

sufficient strength of the different parts to with- 
stand the forces produced during short circuit. The 
author participated in an investigation of these short- 
circuit forees which was begun a couple of years ago 
and recently completed. The results of this investi- 
gation will be given in this and future papers before 
the Institute. ' 

The short-circuit forces depend largely upon the 
abnormal short-circuit current that flows in the various 
windings and can be calculated if the character and 
magnitude of these currents are known. The first 
step, therefore, in the calculation of these forces is the 
calculation of the short-circuit currents that produce 
them. 

Since Bucherot’s excellent discussion of alternator 
short-circuit currents in 1911', many papers have been 
published treating of both the phenomena involved 
and the method of calculation. A method of solution 
which has proven useful in the investigation of many 
short-circuit problems is that of the assumption of zero 
resistance and constant flux linkages. This method 
was used in 1918 in a paper by Messrs. R. E. Doherty 
and O. E. Shirley”, for an explanation of short circuit 
phenomena in synchronous machines, and again in 1921 
in a paper by Messrs. R. E. Doherty and E. T. William- 
son’ for an investigation of the short circuit current of 
induction motors and generators. In a recent paper* 
Mr. Doherty again emphasized the importance of this 
method of interpreting short circuit problems and gave 
a number of applications. In a more recent paper® 
Mr. C. M. Laffoon applied this method _to the calcula- 
tion of several cases of short circuit of an alternator. 
It is the purpose of this paper to apply this constant- 
linkage method to the calculation of both the initial 
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of many short-circuit problems. Formulas are calculated in the 
Appendix for both thainitial and permanent short-circuit currents of 
all circuits involved in the short-circuit. The formulas cover all the 
common connections of single-phase, two-phase and three-phase 
alternators. A discussion of some of these formulas, together with a 
plot of them for assumed alternator constants, is also given. 


and permanent short-circuit currents of synchronous 
machines. 
METHOD OF SOLUTION 


The constant-linkage method is based on the assump- 
tion that the electrical resistance of the various circuits 
is zero. As a result of this assumption the following 
constant-linkage theorem has been proved®: ‘‘In a circuit 
having zero resistance the algebraic sum of the flux linkages 
of the circuit must remain constant.’’ The application of 
this theorem to the calculation of short-circuit currents 
is very similar to that of the application of Kirchoff’s 
laws to the solution of networks. First, currents are 
assumed to flow in the different branches of the cir- 
cuits. The flux linkages in any branch are those due 
to the current in that branch and those due to currents 
in other branches. The flux linkages of each circuit 
are then summed up and equated to some constant 
value of flux linkages which is known to exist in the 
circuit. By solving, simultaneously, these flux-link- 
age equations expressions for the currents flowing 
in the different branches of the circuits are obtained. 


RESULTS 


The various alternator connections and kinds of 
short-circuit for which formulas are derived are shown 
by the nine cases in Fig. 1. For each case formulas 
are derived for both the initial and permanent short- 
circuit conditions. A tabulation of the formulas for 
the various cases of Fig. 1 are given in Table I. These 
formulas are plotted in Figs. 8 to 14, for assumed. 
alternator constants. 


INITIAL SHORT CIRCUIT CURRENT 


The initial short-circuit current waves, Figs. 3 to 8, 
show all peaks of the same height since, resistance being 
neglected, the transient decay of the current wave 
actually obtained in practise is not present. The 
instant of short-circuit in each case is so chosen as to 
give the maximum possible value of current in phase a. 
The maximum value of current occurs 180 electrical 
degrees after the instant of short-circuit. During this 
time the resistance of the circuits, which in the caleu- 
lations has been neglected, reduces this peak value 
slightly from that calculated. The formulas thus 


6. For a proof of this theorem refer to discussion of Mr. R. E. 
Doherty’s paper, Bibliography 5. , 
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give a peak value a little higher than actually obtained 
in practise. In Table II are given the peak values of 
the initial short-circuit current for the various cases in 
terms of the peak value of the current obtained in the 
three-phase alternator, case 9, in which all three phases 
are short-circuited simultaneously. It will be observed 
from Table II that the short-circuit current obtained 
for a single-phase short-circuit of one phase of a three- 
phase alternator from one terminal to ground is 150 
per cent of the three-phase value. A single-phase short 
circuit between terminals gives only 86 per cent of the 
three-phase value, and a two-phase short-circuit be- 
tween two terminals and ground, 178 per cent of the 
three-phase value. 


PERMANENT SHORT-CIRCUIT CURRENT 
In the calculation of the permanent short-circuit 
current formulas the flux linkage equations of the arma- 
ture circuits were equated to zero. The reason for this 
is, that during the transient period of a short circuit, the 


FRANKLIN: SHORT-CIRCUIT CURRENTS OF SYNCHRONOUS MACHINES 


Kind of Short Circuit |Single-phase Alternator] Two-phase Alternator|Three-phase Alternator 


Single-phase 


Terminal to Neutral 


Single-phase 
Terminal toTerminal 


Two-phase 
Terminal to Neutral 1000090 


+ Three-phase 


Terminal to Neutral 


Three- phase 


Terminal to Terminal 


pRrei = 


Fig. 1—Casrs ror Wuicu INITIAL AND PERMANENT SHORT- 
Crrcurr CuRRENT FoRMULAS ARE DERIVED 


flux linkages which are caught by the armature circuits 
at the instant of short circuit are consumed by the 
resistance of the circuits. Therefore, when the per- 
manent condition is reached the only flux linkages 
supplied by the field circuit are those which are being 
consumed by resistance. If zero resistance is assumed 
in the permanent condition, then no flux linkages are 
supplied to the armature circuits by the field circuit 
and the currents that flow in the armature circuits must 
be such as to at all times, keep out all field flux linkages. 
In other words, the flux linkages of each armature cir- 
cuit must be zero. 

The formulas for the permanent condition are plotted 
in Figs. 9 to 14. The single-phase cases show the 
characteristic double frequency pulsation in the field 
current. In Fig. 15 is given an oscillogram of the arma- 
ture and field current of a three-phase alternator during 
a permanent single-phase short circuit between termi- 
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nals in which the shape of the current waves 1s very 
similar to those calculated in Fig. 11. 

The field current for the three-phase alternator case 
with two phases short-circuited between terminals 
and ground, (Case 7, Fig. 13), does not have any alter- 
nating component induced in it. This is due to the 
fact that the coefficient of inductive coupling between 
the short-circuited phases a and b was assumed in the 
derivation of the formulas, equal to the cosine of the 


TABLE I. 
SHORT-CIROCUIT CURRENT FORMULAS 


Initial Condition Permanent Condition 


Case 
(See Fig. 1) Formulas Fig. Formulas Fig. 
Ty, 28 (10) (11) 3 (80) (81) 9 
4 (23; (24) 4 (86) (87) 10 
5 (40) (41) 5 (92) (93) 11 
6 (48) (49) (50) 6 (101) (102) (103) 12 
Ti (57) (58) (59) 7 (110) (111) (112) 13 
8,9 8 (117) (118) (119) (120)' 14 


(71) (72) (78) (74) 


angle between phases. Thus, for a three-phase alter- 
nator, this coupling coefficient was assumed equal to 
cos 120, or — 0.5. This ideal value of coupling is sel- 
dom obtained in practise. The effect of a coupling 
co-efficient different from — 0.5 on the field current is 
shown by the oscillogram of Fig. 16. The field current 
contains an alternating component of double frequency 
and of about + 9 per cent of the d-c. component. This 
corresponds to a coupling coefficient between phases a 
and 6 of about — 0.49. In the study of this phase of the 
subject formulas were calculated for all cases in which 


TABLE II. 


Comparison of Maximum Peak Values of Initial Short-Circuit Currents. 
The current values are based on constant conductors per inch. 


Maximum Peak Value 
of Current in Phase a as 
a Ratio of that obtained 


Case (See Fig. 1) in Case 9 


OmMNaunrwndre 
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no definite value of coupling coefficient between phases 
was assumed. These formulas were very complicated 
compared to the formulas here given. The effect of — 
this coupling coefficient is so slight that it was felt 
unwarranted to complicate the formulas by making 
them more general in this respect. For all practical: 
applications the value — 0.5, assumed in the calcu- 
lation of the formulas, is sufficiently accurate. 


ASSUMPTIONS | 


The following assumptions were made in the calcula- 
tion of the formulas: 


a. Zero resistance in all circuits 

b. Magnetic saturation neglected 

ec. Sine wave distribution of field flux 

d. Constant coefficient of self-inductance of arma- 
ture phases. 

e. Variation of mutual inductance between arma- 
ture phases as the cosine of the angle between them. 

The calculation of alternator short-circuit currents 
becomes very involved if too many refinements are 
attempted. Therefore in order to obtain as simple a 
solution as possible, the above assumptions are neces- 
sary. While some of these assumptions may not appear 
reasonable a careful study of them and a comparison 
with results in practise reveals that for very many 
practical problems they can be tolerated. 

The assumption of zero resistance was made necessary 
by the method of solution of the problem. The pre- 
dominence of reactance over resistance during the short- 
circuit of an alternator makes it possible to neglect the 
resistance in this kind of a problem. Assumption 6 
should involve greater error, but any attempt to take 
saturation into account makes the problem very com- 
plicated. The error due to saturation can be mini- 
mized by taking it into consideration in the calculation 
of the inductance coefficients. Assumption c is very 
close to present. practise in the design of alternators. 
Assumption d involves the neglect of the salient pole 
feature of alternators since the coefficient of self induct- 
ance of the armature phases is not constant but will 
vary somewhat with the position of the field poles. An 
investigation of the affect of this variation upon the 
short-circuit currents showed that only a small double 
frequency current was introduced which did not ap- 
preciably effect the results obtained. The effect of e 
has already been discussed. Formulas were calculated 
for all cases in which the coefficient of coupling between 
armature phases was not assumed. constant. The 
formulas are greatly complicated by this general as- 
sumption. The assumption of — 0.5 for this coupling 
coefficient which was made in the derivation of the for- 
mulas of this paper greatly simplify the formulas and 
does not introduce appreciable error. 

In concluding the author wishes to express his ap- 
preciation of the assistance of Messrs. R. E. Doherty 
and R. H. Park and Professor V. Karapetoff in the 
solution of this problem. 


Appendix 
DERIVATION OF SHORT-CIRCUIT CURRENT FORMULAS 
INITIAL CONDITION 
1. Single-Phase Short Circuit. 

(a) Single-phase or polyphase alternator. 

One general formula can be obtained for the single- 
phase short-circuit current of a single-phase, two-phase, 
or three-phase alternator when only one armature 
phase is involved in the short circuit. (Cases 1 to 8, 
Fig. 1): The instant of short circuit will be taken 
when the armature phase a encloses maximum field 
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flux as this is the condition when maximum short cir- 
cuit current is obtained. This condition occurs when 
the angle a in Fig. 2A equals zero’. 

There are only two circuits involved; the field cir- 
cuit and the armature circuit a. The flux linkages of 
these two circuits at the instant of short circuit, 2. e., 
when a equals zero, are respectively’. 


OQ, =I; Ly (1) 

OF Les ih M, (2) 

The flux linkages of these two circuits at any instant 
after short circuit are, 

OQ; = i Ly + ta Mya (3) 

Qe te 1 By Si6 Uy Mas (4) 


Applying the constant linkage theorem, the flux 
linkages at any instant after short circuit, (3) and (4), 


Fic. 2—Scurematic DiaGRAMS SHOWING THE RELATIONS OF THE 
Various ALTERNATOR CIRCUITS 


must equal the flux linkages before short circuit, (1) 
and (2) respectively, 

ty Ly + ta Mya = I; Ly (5) - 

tala +t4;-Ma = 1; Mo (6) 

7. For simplicity a two pole alternator is shown in which 


ease the electrical angle is equal to the mechanical angle. 
8. For definition of symbols see Notation. 
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Solving these two equations simultaneously for the 
currents 2; and 7,, 


L; La — Mo M5a 
eet 
L; Mo — Ly Mya 
ta oo I; Ly ie eke M;22 (8) 


The inductance coefficients L; and L, are assumed 
constant. The coefficients M,, varies with the rotation 
of the rotor, and may be approximated by a cosine 
function; thus? 


nN ft 


Current 


of 


180 
Instant of 
Short Circuit 


360 180 360 180 


Electrical Degrees (x) 


360 180 360 


Current 
FS 


oma.) 


i) 180 360 180 zi 
Instant of. 560... 180-5360." 166°. 360 
hort Circuit Electrical Degrees («) 


Fig. 3—IniT1AL SHoRT-CircuIT CurRRENTS; Cases 1, 2 anp 3 


Curve A—Field current. Eq.(10). 
Curve B—Currentin phasea. (Eq.11). 
M;. = M.z = My cosa (9) 
Substituting this relation in (7) and (8) and dividing 
both numerator and denominator by L; Lu, 


1— K? cosa 


4 = T1q 05K) —05Kcs2a 1% 
er M 1— cosa 5 
ier RT ee OBR: cosa! SLL) 


where, K = coefficient of magnetic coupling between 
the two circuits 
My 
ae (12) 
a/ Ly; Lis 


Equations (10) and (11) are plotted in Fig. 3 for 


0 


La 


K = 0.85 and = Go 


(b) Two-phase alternators, single-phase terminal 
to terminal short-circuit, (Case 4, Fig. 1). 

In this case there are only two circuits involved 
since armature phases a and b are connected in series, 
forming only one circuit ab. As seen in Fig. 2B the 
circuit a b does not enclose maximum field flux when a 
equals zero, but when 


M yar = Mya — My 


9. Mya=Mas when saturation is neglected. 
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is a maximum that is, when 
d Myas 
da 


From (9) and the relation 
My, = M, cos (a = 90) => M, sin (e4 


= 0 


(13) 
= M, (— sina— cosa) = 0 


or a = — 45 deg. 
Therefore, for maximum field flux enclosure by the 
circuit ab the short circuit must occur at a = — 45 
deg. The flux linkages of the field and armature cir- 
cuits at this value of a are, 
Q, = 1; L; 
Qa = Qa— Q = I; M.,' — I; Mi,’ 
where, M,;’ and M,,’ are the values of M,; and My 


(14) 


respectively at a = — 45 deg. 
Hence from (9) and (13) _ 
C= A/ 21M (15) 
The linkages at any instant after short circuit are, 
OQ, = Ly + t¢Mye +0,M pr (16) 
Oar = 05, — On. = 4, (MG — Maz) ta La— Mes) 
+-ts (M2. — Ly) (17) 
Due to reverse connection of a and b 
las = ta = — t0 (18) 
Thus from (14) (15) (16) (17) and (18) 
dy Lis + tar (Mya — Myr) = Ty Ly (19) 
ty (Maz — Moy) + tan a + Ls) = /2 1; Mo (20) 


Since, the axes of the phases are at right angles, 


rood ee a 4 == oe 
360 180 360 180 360 180 
Instant of 


Short Circuit Electrical Degrees (<) 
(<=-45°) . 


alte 


ad 
360 180. 


= 
360 180 


Electrical Degrees(<) 


aah ee 

0 180 360 180 
Instant of. 

Short Circuit 
(x=-45°) 

Fig. 4—Inrit1at SHort-Circuir CurRRENTS; Case 4 


Curve A—Field current. Eq.(23) 


Curve B—Field current in circuitab. Eq.(24) 


Mw = Mis = 0 (21) 
Solving (19) and (20) simultaneously and supstituting 
(9), (12), (13) and 


Di os (22) 
— 2 
1 — K? cos (a + 45) (23) 


t1 = Is 70.5 K® — 0.5 K* cos 2 (a + 46) 


pls M, 1 — cos (a + 45) 


Va lL, (0.5 K)—0.5 K? cos2(a+45) 74) 


bak — 
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These currents are plotted in Fig. 4 for K = 0.85and 
M, 
Le 


= 0.85. 


(c) Three-phase alternator, single-phase terminal to 
terminal short circuit, (Case 5, Fig. 1). 

There are only two circuits to consider, the field cir- 
cuit f and one armature circuit composed of phases a 
and 6 in series. The armature circuit encloses maxi- 
mum field flux when M,,, is a maximum. 

This occurs when 


dM fab 
da 
Now since phases a and 6 are displaced 120 deg. 


from each other . 
My, = M)cos (a a 120) 


= 0 


(25) 
and 
M;.. = M;.— Mj, = M, [cos a — cos (a — 120)] (26) 
Differentiating, equating to zero and solving for a,. 
a = — 80 deg. 
Thus the instant of short-circuit should be taken at 


rf 


10) 

Instant of 
Short Circuit 

(«=-30°) 


1 cs n 
180 360 180 360 180 
Electrical Degrees («) 


360 180 


J 
180 


4 
360 180 360 
Electrical Degrees(<) 


ie) 180 180 360 
Instant of 


Short Circuit 
(x=-30°) 


Fie. 5—Init1at SHort-Circuir CuRRENTS; CasE 5 
Curve A—Field current. Eq. (40) 


Curve B—Current in Circuit ab Eq. (41) 
a = — 380deg. The flux linkages of the two circuits 
at this instant are, 
Q, = I, L; (27) 
Qa = Qa— Oy = Ty May" — Ty Moy” (28) 


where M,,;’’ and M,,’’ are the mutual inductances be- 
tween the field circuit and phases a and 6 respectively 
at a = — 30 deg. 
Thus from (9) and (25) 
Qa-= / 3 I; My (29) 
The flux linkages of the two circuits at any instant 
after short-circuit are, 


“Oy = ty Ly oe ta Mya te 1p M5 (30) 
Qa = AE-— © (31) 
where, 
% =taLe+4yMay+t+i,Ma (32) 
Q, => tp Ly + ty My ie tq Mra (33) 


But due to reverse connection of a and b 
Lab CS 43 hoe dy 


(34) 
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The coefficient M,, is defined as 
M ce = k VV Dg L b 
The coefficient of coupling k depends upon therelative 
positions of the two phases a and b and may be assumed 
to vary as the cosine of the angle between their axes. 
Thus in this case where the angle between phases is 
120 deg. 


k = cos 120 deg. = — 0.5 


and, 
Ma=— 0.5L, (35) 
Substituting (34) in (30) 
OQ, = ty Ly + Var (Mya — M pp) (36) 
Substituting (32) (33) (34) and (35) in (31) 
Qw = 1; (M as = M>,;) ++ tes 3 Be (37) 
Equating (27) and (36), and (29) and (37) 
dy Ly + tan (Mya — Myo) = I; Ly (38) 
tM op = Mi ie ten Olin = a (39) 


Solving (39) and (40) simultaneously and substituting 
(9) (12) and (25), 
1 — K* cos (a + 80) 


“ ~LQ=05R)—05Kcs2(@+3) 


i I M, 1 — cos (a + 80) He 
V3! La (10.5 K)—0.5 K? cos 2(a+30) 4) 


Equations (40) and (41) are plotted in Fig. 5 for 


Vat == 


0 


La 


K = 0.85 and = (Sor 


2. Two-Phase Short Circuit . 
(a) Two-phase alternator, (Case 6, Fig. 2) 


There are three circuits to consider; the field circuit, 
phase aand phase b. The flux linkages of these circuits 
at the instant of short-circuit, 7. e., when a = 0 are, 


0; =H Le (42) 
Q, = I; My (43) 
o = 0 (44) 
The flux linkages at any other field position are, 
Q, = ty Ly + ta Mya + 1n Myr (45) 
Q = tale + ty May (46) 
Q, = % Ls + 17 Ma; (47) 


since M,, = 0 as for the previous two-phase case con- 
sidered. 


Equating (42) and (45), (43) and (46), (44) and (47), 
solving simultaneously and substituting (9) (12) (13) 
and (22), 


1— kK? cosa 


y =T, 1_ (48) 
M, (1—0.5 K?) —cosa + 0.5 K*? cos2a 
Came IE ee Rupes (tc PIER 
M, sina— 0.5 K’ sin 2 
; eee sin a sin 2a (50) 


(eqs 1 
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These currents are plotted in Fig.6for K = 0.85 and 


Mo 


La 


(b) Three-phase alternator, (Case 7, Fig. 1). 

There are three circuits, the field circuit, phase a 
and phase 6. Maximum current is obtained in phase a 
if the short-circuit occurs at a = 30 deg. since at this 
armature position there is no field flux enclosed by phase 
b. The flux linkages of the three circuits at a = 30 
deg. are 


= 0.85. 


Q, =1yLy, _ (51) 
0 = 05/381; Mo (52) 
% =0 (53) 
3 
e 
52 
°5 360 180 360 180 360 180 360 


H 180 
Instant of, ' 
Short Circuit Electrical Degrees (x) 


@ 


rte 


o- Nn FF O 


Current 


nl [ 1 1 
e 180 360 180 360 180 360 180 360 
2 aenstant of 


hort Circuit 


Electrical Degrees (<) 


€ 


Current 
N oO n h 


Electrica! 


upstont Degrees(« 


f Short 
al gianer 
Fig. 6—Init1aL SHort-Crrcuir CURRENTS; CAsE 6 


Curve A—Field current. Eq. (48) 
Curve B—Currentin phasea. Eq. (49) 
Curve C—Currentin phase b. Eq. (50) 


The flux linkages for any value of a are, 


Oy = OF Ly + ve Mra + dy Ms (54) 
Q=tlbe+yMy+rMa (55) . 
Q, = Lp In + ty Ms; +t, Moa (56) 


Equating (51) and (54), (52) and (55), (53) and (56), 
solving simultaneously and substituting (9), (12), (22), 
(25), and (35) 

1— K’ cos (a — 80) 


i- K Se 


y= I; 


2 i 


=] 
Rs OTs 


oe 


(1—0.5 K?)—cos(a—30)+0.5 K? cos 2(a—30) 


1- Ass) 


: 2 Mo 
=. = le 
b /3 F, ‘Ee 

0.5 (1-0.5 K?)—sin a—0.5 K? cos 2(a+30) 


1-k (59) 
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These currents are plotted in Fig. 7 for K = 0.85 and 


My 


La 


= 0.85. 


8. Three-Phase Short-Circuit 
(a) Three-phase alternator, (Case 8, Fig. 1). 
There are four circuits to consider; the field circuit, 
phase a, phase band phasec. The flux linkages of these 
circuits at a = Oare, 


Q = I, L; (60) 
Q = I, My (61) 
Q = — 0.51, M, (62) 
d= — 057; M. (63) 
The flux linkages at any value of a are, 
Qs = ty Ly + ta Mya + to Myo + 1 My (64) 
Q = tale +i47;Ma +tiMat+t.Ma. (65) 
Q% = te Ly + ty May + taMea +te-Ms.  *< (66) 
Q, = tL, + t¢ Me + ta Mea + 15 Mer (67) 


Equating (60) and (64), (61) and (65), (62) and (66), 
and (63) and (67), solving simultanelusly and substi- 


ee 
iss} 
- 
Leys) 
a 
Sh 
°, 180 360 180 360 180 360 180 360 
Instant ; 
of Short Circuit Electrical Degrees (4) 
(a =30°) 
4a 
Si 
“e2 
S 
Gy 
eis 
(=) 
Vv 3e0 
% 780 780 
Instant of 


Short Circuit Electrical Degrees («) 
%= 3.0") 


g | 


1 
eave of Electrical Degrees («) 
Short Circuit 
%=30°) 
Fig 7—Inrr1au SHort-Circuir CurRRENTS;[CaAse 7 


Curve A—Field current. Eq. (87) 
Curve B—Currentin phasea. Eq. (58) 
Curve C—Current in phase 6. Eq. (59) 


tuting (9), (12), (13), (22), (35), and the three relations 


L, = L, (68) 
Mes ie 0.5 La (69) 
M., = My cos (a + 120) (70) 
; 1— K*? cosa 
vegies iam ee 
2M, (1—0.5 K*)—cos a+0.5 K? cos 2 
~~ = 3 I; ne the Ke (72) 
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1) Me 
ears 


ip = - 


(1—0.5 kK?) +2 cos(a—120)— 
1— Kk? 


K? cos 2(a@+120) (73) 


bee hsb 
ats eleeclhaa! Bp 


Le 

(1—0.5 K?) +2 cos(a+120)— 
1— Kk? 

These equations are plotted in Fig.8 for K = 0.85, and 

M, 

oe 


(b) Three-phase alternator (Case 9, Fig. 1) 
The current equations obtained for a three-phase 


K? cos 2 (a—120) 
(74) 


= 0.85. 
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Fie. 8—IniT1aL SHorT-Circuir CuRRENTS: Cases 8 AND 9 


Curve A—Field current. Eq. (71) 
Curve B—Current in phase a. Eq.(72) 
Curve C—Currentin phase b. Eq. (73) 
Curve D—Current in phase c. Eq. (74) 


short-circuit terminal-to-terminal are the same as those 
for a three-phase short-circuit terminal-to-neutral. 


PERMANENT CONDITION 


In the permanent condition, the algebraic sum of the 
flux linkages in each armature circuit must be zero since 
the flux linkages originally caught in these circuits have 
been dissipated during the transient period between the 
initial and permanent states. The flux linkages of the 
field circuit will be equal to those supplied by the 
exciter. 

1. Single-Phase Short Circuit. 

(a) Single-phase or polyphase alternator. 

As in the corresponding case for the initial short-cir- 
cuit condition a general formula can be obtained for the 
single-phase, short-circuit current of a single-phase, two- 
phase, or three-phase alternator, when only one arma- 
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ture phase is involved in the short circuit (Cases 1 to 
3, Fig. 1.) The flux linkages of the two circuits in- 
volved, are, 
dy Ly + ta Mya = I,’ L; (75) 
erlag + ty May aa 0 (76) 
where I,’ is that constant value of field current that 
would be required on open circuit to produce the same 
number of flux linkages with the field circuit as exist 
under the permanent short circuit condition. 
Solving these two equations simultaneously and sub- 
stituting (9) and (12) 


: ‘ 1 
ty =e Te in Se eo ee cee 
3 
2 
1 
° igo. 360180. °360 «+160. 360 180.360 


Electrical Degrees (<) 


Electrical Degrees(«) 


Fig. 9—PERMANENT SHORT-CIRCUIT CURRENTS; Casns 1, 2 anD3 


Curve A—Field current. Eq. (80) 
Curve B—Current in phase a. Eq. (81) 


Le 
Fal 
> 


Current 


180 360 180 360 180 360 180 


Electrical Degrees (<) 


Electrical Degrees(«) 


Fig. 1O—PERMANENT SHORT-CircuUIT CURRENTS; CASE 4 
Curve A—Field Current. Eq.(86) 
Current B—Current in circuit a b. Eq. (87) 
F I COS @ (78) 
4 = — SSS SSS 
¢ ‘ (1— 0.5 K?) — 0.5 K? cos2 a 


The direct component of the field current (77) is 
due to the flux linkages supplied by the exciter and is, 
therefore, equal to the field current J; which flowed 
before short-circuit. This direct component is found 
by integrating (77) between proper limits and dividing 
by the abscissa. Thus, 


2 


they 
te aa f 


2 
f 005K) —05 Kcos2a °% 
0 


iy 
V1- KE 
or 
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a oh Med (79) ee cos (a + 45) 
Substituting (79) in (77) and (78), res is (1—0.5 K?)—0.5 K2 cos 2(a+45) (oo 
eee JV/1-— Kk (80) Since Py is of the same form as (77) the value of I,’ 
7 T= 0.5 K%) — 0.5 K? cos 2 a for this case will be the same as that given by (79) 
fe ; Substituting (79) in (84) and (85), 
; 1— K* cosa ————. 
i.=-1,— we (81) V1In kw 
Le (1— 0.5 K2) — 0.5 K? cos 2 a 86 
( ) es Be at (Ue ees Ke cos 2 (x 45) (36) 
ee ue TAN A ; vale Mo 
52 Can = 
LD PPDS PSS aha ee 
ok 0 780360 180 36 


Electrical Degrees(<) 


Fig. 11—PERMANENT SHoRT-CircuIT CURRENTS; CaAsE 5 


Curve A—Field current. Eq. (92) 
Curve B—Current in circuitab. Eq. (93) 


These currents are plotted in Fig. 9 for K = 0.85 and 


Mo 
Le 


= 0.85. 


(b) Two-phase alternator, single-phase terminal- 


to-neutral short-circuit (Case 4, Fig. 1) 
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c ii 

30 eee 
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Electrical Degrees(<) 
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Fig. 12—PERMANENT SHORT-CrIRCUIT CURRENTS 


Curve A—Field current. Eq. (101) 
Curye B—Current in phase a. Eq. (102) 
Curve C—Current in phase 6. Eq. (103) 


; Case 6 


The flux linkages of the two circuits involved are 
[See (19) and (20)]. 


dy Ly + tan Mya — Myo) = I,’ Ly (82) 

dy (Maz — Mis) + tos (La + Ly) = (83) 
Solving simultaneously and substituting (9), (12), 
(13) and (22). . 


1 
iy = L,' 


(0. KE 0b econ ae eye ae 


/1— K’ cos (a + 45) (87) 
(1 — 0.5 K?) — 0.5 K? cos 2 (a 4+ 45) 
These currents are plotted in Fig. 10 for K and 


0 


7, equal to 0.85. 


(c) Three-phase alternator, single-phase terminal- 
to-terminal short-circuit (Case 5, Fig. 1) 


10) 180 360 180 360 180 


360 
Electrical Deqrees(<) 


Electrical Degrees (<) 
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Curve A—Field current. Eq. (110) 
Curve B—Current in phase a. Eq. (111) 
Curve C—Current in phase 6. Eq. (112) 


; Case 7 


The linkages of the circuits involved are from (36) 
and (37), 


Uy L; + Vad (Mya — Myj,) = I,’ L; 


(88) 
ly (M af — M>,) + diceie daa — 0 


(89) 
Solving simultaneously and substituting (9), (12) 
and (25), 
ty = dhs Rap eaOe Rucas® (han) eke 
1 i My 
ta. = = 
b J3 fi i 
cos (a + 30) 91 
(1 — 0.5 K*) — 0.5 K? cos 2 (a + 30) ke) 


Equation (93) is again of the same form as (77) so 
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that J,’ is given by (79). Substituting for J,’ in (90) 


and (91); 

whan NARSES AS 
(1 — 0.5 K®) — 0.5 K® cos 2 (a + 30) 

i ee 

tab = x/3. tf Tos 


1/1 — K? cos (a + 80) ae 
(1 — 0.5 K?) — 0.5 K? cos 2 (a + 80) 
These equations are plotted in Fig. 11 for K and 
M, 
Le 


2. Two-Phase Short Circuit. 
(a) Two-phase alternator, (Case 6, Fig. 1). 


(93) 


= 0.85. 
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Fic. 14—PERMANENT SHORT-CIRCUIT CURRENTS; Cases 8 AND 9 


Curve A—Field current. Eq. (117) 
Curve B—Current in phase a. Eq. (118) 
Curve C—Current in phase b. Eq. (119) 


Curve D—Current in phase c. Eq. (120) 


The flux linkages of the circuits involved, from (45), 
(46) and (47) are, 


ipo ld Meith ty Mos td Ls (94) 
i, Le + ty May = 0 (95) 
1p Ly == OF Mo; = 0 (96) 


Solving simultaneously and substituting (9), (12), 
(13), and (22), 


1 

a Tes, tae (97) 
, Mo cosa 

PSs Ree Pe ee oe 
~ ; M, sin @ 

Ghee si pe POE iy: 


The field current (97) has only a direct component, and 
is therefore equal to I;. 
Hence, 
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iar hae (100) 
Substituting (100) in (97), (98) and (99), 

ip = ty (101) 

las aol Tat cos a (102) 

My . 

b= I; 7 sin a (103) 


These currents are plotted in Fig. 12 for K and 


ae 1 to 0.85 
Te equal to 0.85. 
(b) Three-phase alternator, (Case 7, Fig. 1). 


The flux linkages of the circuits involved are from 
(54), (55) and (56), 


ty Ly + ta Mya +t, My = I,’ L; (104) 
iL, tp as, 00 (105) 
ty Ly + 47 Miz + ta Moa = 0 (106) 


Solving simultaneously and substituting (9), (12), 
(22), (25) and (35), 


1 

Gd jae (107) 
AOS Za ie M, cos (a — 30) a 
fol Sa is pee (108) 
: 2 Te M, sina 4G 
Manele yeti Ss re 40° 


The field current (107) is the same as (94) so that the 


_ value of I,’ is given by (100). Substituting for I,’; 


= 4; (110) 
i= = BP hs Ae (111) 
é RB! Oe Lea ga 
; 2 ; 
Uphe eee 7, sine (112) 
These equations are plotted in Fig. 13for K = 0.85and 
M, 
Tee 0.85. 


3. Three-Phase Short Circutt. 


(a) Three-phase alternator, (Case 8, Fig. 1). 
The flux linkage equations of the four circuits in- 
volved are, 


dy Le + 4a Mya + in Myp +t. My. = Ty’ Ly, (113) 
ta La + yy Ma +tisMa t+teMa. =9 (114) 
1p Le + ty Moy +t42Mr. +1-M,. = 0 (115) 
teLic +t, Mip +1aMeat+rMa = 90 (116) 


Solving simultaneously and substituting (9), (12), 
(22), (25), (35), (68), (69) and (70), and the value of J,’ 
given by (100) since 7; comes out the same as (97), 


oe (117) 
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Fig. 15—OscinLoGRAM OF THE PERMANENT SINGLE-PHASE 
SHort-Circuir CuRRENTS OF A THREE-PHASE ALTERNATOR 
SHortT-CircuITED BETWEEN Two TERMINALS 


These currents are plotted in Fig. 14 for K = 0.85 and 
vip: 
ES, a . . 


(b) Three-phase alternator, (Case 9, Fig. 1). 


is E oe, e ne 
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Fig. 16—OscinntoGRAM OF THE PERMANENT 'T'wo-PHASE 
SHort-Circuir CuRRENTS oF: A THREE-PHASE ALTERNATOR 
SHort-Circuirep BerwEEN Two TERMINALS AND NEUTRAL 


The-two armature currents are of different calibration. 


The current equations for this case are the same as. 


’ those for a three-phase short-circuit terminal-to-neutral. 


NOTATION 
a electrical angle of rotation of field. (See 
Fig. 2). 
I; value of field current in amperes before 
short-circuit. 
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I,’ the constant value of field current in aiperes 

under the permanent short-circuit condition 

that would be required on open circuit to 

produce the same number of flux linkages 

with the field circuit as exist under the perma- 

nent short-circuit condition. 

instantaneous values of current in amperes 

in phases a, b and ¢ respectively. 

instantaneous values of current in amperes in 

the single-phase circuit composed of phases 

a and b in series. 

Uy instantaneous value of field current in 
amperes. 

K ‘coefficient of magnetic coupling between any 
one armature phase and the field circuit. 
(See Eq. 12). 

L,, Ly, L, true coefficient of self inductance in henrys 
of phases a, 6 and ¢ respectively. 

L; true coefficient of self inductance in henrys of 
field current. 

M a, + Moa; Mac — Us M,. a M 
coefficient of mutual inductance in henrys 
between phases a and b, a and c, and 6 and c. 

Miss = Mc; My ae Moy, M;. = M oy 

coefficient of mutual inductance in henrys 

between the field circuit f and phases a, 6 

and ¢ respectively for any value of a 

coefficient of mutual inductance in henrys 

between the field circuit and phases a and b 

in series for any value of a 

coefficient of mutual inductance in henrys 

between the field circuit and any one arma- 

ture phase when in the position of maximum 

coupling. 

flux linkages of phases a, b and ¢ respectively 

for any value of a _ 

flux linkages of the single-phase circuit com- 

posed of phases a and 0 in series for any value 

of a 

Qs flux linkages of the field circuit for any value 
of a 5 


M sar 
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Discussion 


INITIAL AND SUSTAINED SHORT CIRCUITS IN 
SYNCHRONOUS MACHINES 


(KARAPETOFF) 


SHORT-CIRCUIT CURRENTS OF SYNCHRONOUS 
MACHINES 
(FRANKLIN) 


Str. Louis, Mo., Aprit 14, 1925 


R. E. Doherty: Progress in most investigations of the com- 
plexity of those taken up in the two papers on short-circuit 
currents is made step by step. 

As Professor Karapetoff brought out, there are still further 
steps to take; saturation must be taken into account and also 
the effect of salient poles. But I think that the equations and 
the results which have been obtained by Mr. Franklin and which 
Professor Karapetoff’s. method has completely checked have 
formed another definite step in advance in this problem. 


I wish to say a word about methods. In 1918, I was engaged 
in some work along these lines and I was confronted, like every- 
body else who has undertaken such studies, with the practically 
impossible undertaking of solving short-circuit problems when 
resistance is taken into account. In the investigation it appeared 
that sufficiently close approximation could be made in many 
instances by neglecting resistance. 


I proposed, at that time, the constant-linkage theorem which 
Mr. Franklin has utilized in his paper. It is the simple relation 
which follows at once from Kirechoff’s Law and the assumption 
of zero resistance. From these two premises, the theorem stated 
in Mr. Franklin’s paper is this: In any closed circuit without 
resistance the flux linkages must remain constant. It doesn’t 
matter how many secondary circuits there are, or what the net- 
work involves, the theorem is rigidly true. 

Now, the question which I wish to raise with respect to Prof. 
Karapetoff’s paper is that if this theorem is true (he makes the 
assumption that the resistance is zero), why is it necessary to go 
back to Kirchoff’s equations in each particular case as he does, 
performing the integration and finding the integration constant, 
which in every case, of course, turns out to be the known mag- 
netic linkages existing when the circuit was closed? 


Prof. Karapetoff has stated that after making the integration, 
that is, dropping the derivative symbol, the problem is solved. 
That is exactly where you start if you apply the constant-leakage 
theorem. Mr. Franklin has followed the latter method. That 
is a point more of interest than of importance, but it is a question 
of ease with which the problem can be solved, if advantage is 
taken of the facilities afforded by a simple theorem . 


R. W. Wieseman: In single-phase generators usually only 
two-thirds of the coils per pole are used and connected in series. 
This corresponds to a 120-deg. phase belt and is classified under 

-Case 5 of Mr. Franklin’s paper. From Table II we find that the 
initial single-phase short-circuit current peak value (Case 5) 
is only 86 per cent of the three-phase short-circuit peak, Case 9. 
Furthermore, the current wave of Case 5, Fig. 5, is more peaked 
than that of Case 9, Fig. 8, so that the effective value of the initial 
single-phase short-cireuit current, Case 5, will be less than 86 
per cent of the initial three-phase short-circuit current. There- 
fore, at the initial short circuit an armature coil in a single-phase 
generator will have only about half as much heat to dissipate as 

.an armature coil in a three-phase generator. However, a study 
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of a large number of oscillograms shows that the initial singie- 
phase short-circuit current is practically the same as the three- 
phase short-circuit current. 

The five assumptions which the author made in deriving the 
formulas are reasonable and they should not introduce an ap- 
preciable error in most cases. These assumptions must be made 
if a simple and practical solution of such a complicated problem 
is to be obtained. There are, however, a few cases which might 
be mentioned as a matter of interest in which different results 
are obtained in practise from those given by the formulas. I 
refer to the sustained short-circuit armature current waves of 
Cases 1, 2, 3, 4 and 5 shown by Figs. 9, 10 and 11 which show 
symmetrical short-cireuit current waves. Fig. 1 accompany- 
ing this discussion shows a typical sustained armature current 
wave corresponding to the author’s Case 5, Fig. 11, of a cylindri- 
eal-rotor generator without a pole-face damper winding. The 
five assumptions are realized in this type of a machine more than 
in any other type. Contrary to Fig. 11, Fig. 1 herewith is not a 
symmetrical wave and it contains cosine terms as well as sine 
terms. Fig. 2 herewith shows a typical sustained short-circuit 
current wave corresponding to Case 5, Fig. 11, of a salient-pole 
machine without a pole-face damper winding. Fig. 2 herewith 
is asymmetrical wave, but this machine does not fulfil condition 
D of the paper. 

Fig. 14 of the paper shows the same short-circuit current waves 
for,both Cases 8 and 9. For Case 8 the short-circuit armature 
current wave is rarely a sine wave as shown by Fig. 14. The 
short-circuit current wave for Case 8 usually contains a negative 
third harmonie which gives a peaked wave as shown by the 
accompanying Fig. 3. For Case 9 the sustained short-circuit 
current wave is practically a sine wave as shown by the accom- 
panying Fig. 4. It should be noted that this Fig. 4 agrees with 
Fig. 14 in the paper. 

In addition to the five assumptions made in deriving the for- 
mulas of this paper, there is another assumption which the author 
made but apparently neglected to mention, namely, that the 
machines have no pole-face damper windings. All synchronous 
motors are furnished with pole-face starting windings and many 
generators have pole-face damper windings. If the machines 
whose sustained short-circuit armature current waves are shown 
by Figs. 1 and 2 herewith are equipped with pole-face windings, 
the short-cireuit current waves will now be as shown by Figs. 5 
and 6 herewith respectively. It is apparent that these waves are 
as nearly true sine waves as can be obtained. The addition of a 
good damper winding short cireuits the double-frequency 
armature-reaction component which induces (by transformer 
action) a triple-frequency voltage in the armature winding. 
Since the phase belt is 120 deg. (Case 5) the third-harmonic 
voltage induced (by dynamie action) in the armature winding by 
the third harmonic of the flux wave cannot appear at the ter- 
minals of the machine. Consequently, a nearly true sine wave of 
current results. 


Fig. 16 of the paper shows an oscillogram of the sustained two- 
phase short-circuit currents of a three-phase alternator short- 
circuited between two terminals and neutral, Case 7. It is 
pointed out in the paper that the alternating component induced 
in the field winding in this case is very small and the field-current 
Curve A, Fig. 13, is shown as a straight line. Fig. 16 shows a 
double-frequeney component in the field current of only plus or 
minus 9 per cent. The generator which was used in this particu- 
lar case was equipped with a pole-face damper winding which 
tends to damp the single-phase double-frequency pulsations in 
the field cireuit. Fig. 7 herewith shows an oscillogram of the 
armature current and field current for the same conditions 
as shown by the author’s Fig. 16 taken from a generator which 
had no pole-face winding. It should be noted that the variation 
in the field current is plus or minus 33 per cent. Therefore, 
Case 7 is in reality a partial single-phase load (the two armature 
currents being out of phase by 120 deg.) and results in the usual 
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double-frequency pulsation in the field winding. Of course, 
Case 7 does not give so great a double-frequeney pulsation as 
Cases 3 and 5, but it is decidedly more than Cases 8 and 9. If the 
value of the coupling coefficient K is calculated for this particular 
machine, it is found to be from —0.35 to —0.40 instead of cosine 
120 deg. which equals —0.5. 

J. F. H. Douglas (by letter): The points that impress one 
most forcibly in Professor Karapetoff’s paper are the mathe- 
matical elegance and the generality of the relations discussed, 
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Fig. 1-—Susrarmnep SINGLE- 
PHASE, SHoRT-Circuit Cur- 
RENT, TERMINAL TO TERMINAL, 
(Cass 5). CyLinpricaL Rotor 
GENERATOR WITHOUT DAMPER 
WINDING 


Fic. 3—Sustainep THREE- 
PHasn, SHortT-Crrcuir Cur- 
RENT, NEUTRAL CONNECTED 
(CasE 8) GENERATOR WITHOUT 
DAMPER WINDING 


Fig. 5—SustTainep SINGLE- 
Puass, Ssort-Circuir Cur- 
RENT, TERMINAL TO TERMINAL 
(Casz 5) Crninpricat Rotor 
GENERATOR WITH DAMPER 
WINDING 


Fic. 2—SustTaIneD SINGLE- 
PuHase SxHort-Circuir Cur- 
RENT TERMINAL TO TERMINAL 
(Case 5) Satrpnt PoLtp GENER- 
ATOR WITHOUT DAMPER WIND- 
ING 


Fic. 4—SusTaINneD THREE- 
Puassz, SHortT-Circuir Cur- 
RENT, NEUTRAL NOT Con- 
NECTED (Case 9) GENERATOR 
witHout Damper WINDING 


Fig. 6—SusTAINED SINGLE- 
Puasr, Suort-Circuit Cur- 
RENT, TERMINAL TO TERMINAL 
(Case 5) Satimnt Pote GEN- 
ERATOR WITH DAMPER WIND- 
ING 


Fig. 7—SustTaineD Two-PHasn, SHORT-CirRcUIT CURRENT 
or A THREE-PHASE GENERATOR BETWEEN Two TERMINALS 
AND NEUTRAL, WITHOUT DamPpER WINDING 


together with the space-vector diagrams. 


which I should like to mention. 


There are a few points 


In the first place it should be noted that the equations (21) 
to (25) are really of great simplicity. The chief difficulty in the 
appendices that follow lies in the determination of the constants 
of integration. Whether one reads the latter appendices or not, 
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the first appendix should be of great general interest, in that it 
proves the general principle involved. 

The physical interpretation of Equations (21) to (25) is that 
there is continuity and approximate constancy in the linkages 
existing at the instant of short circuit, so that, the armature 
drags its linkages around with it. A picture of my interpreta- 
tion of these equations is shown in Fig. 8 herewith, where a 
two-phase machine is shown with 50 per cent pitch armature 
coils. Atthe top of the picture are shown conditions at instant of 
short cireuit. Phase A links with useful flux, phase B with no 
flux and the field with the total flux. Phase A has no leakage 
locally around the slots at this instant. Themiddle figure shows 
flux lines 90 deg. later in time phase. Phase A has dragged its 
linkages around into the interpolar region. Phase B has re- 
flected or warded the pole flux away from entering the armature. 
The lowest portion of the figure shows flux lines 180 electrical 
degrees from the start. Phase A is now feeding flux into the 


Fre. 8—Dracram SHowinea Continuity or Fiux LHaKaGsEs 
Durine SHORT CIRCUIT 


pole, and the leakage flux is immensely increased, both locally 
and between the poles. This picture shows perhaps more clearly 
than any formula the advantage of having the values of o and 
r less than one and a value of K considerably less than unity, if 
possible. It is readily seen that the values of armature current 
and field current corresponding to the bottom diagram must be 
very large to force the flux through paths of such high reluctance. 
A similar condition obtains in the case of a machine with a 
distributed field. 

In the fifth paragraph of the paper the assumption is made 
that the field winding is placed upon a cylindrical rotor, so that 


_the self and mutual inductances of the armature windings may be 


considered to remain constant throughout a cycle. These 
constants are treated as absolute constants, however, and so it 
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may be said that saturation is also neglected. These assumptions 
are the same assumptions upon which the idea of ‘“‘synchronous 
impedance” is based. The first of these assumptions is not true 
in any machine, for normal field currents. The principle of 
continuity in the linkages existing at short circuit, would tend 
to perpetuate saturation existing at the instant of short cireuit. 
Nevertheless, the assumption of uniform air-gap permeance, 
constant inductances, and synchronous impedance, based upon 
them, all are useful as first approximations. 

As a second approximation, in the ease of sinusoidal and steady 
load currents, I have found the idea of synchronous impedance 
useful even in the case of salient-pole machines, because of its 
simplicity. But, one must point out that at high saturations the 

‘numerical value of this constant is reduced, and that at high 
power factors the numerical value is also decreased. Whether, 
this same second assumption of an average and constant L 


C = Coil Center 


E = Coil Edge 
Fia. 9—TRANSVERSE Ftux Wave SHAPE 


is also applicable to the case of the transient condition of short 
circuit I am not prepared to state. It would certainly be some 
simplification in the theory if it should prove to be the case. 

It occurs to me that a third approximation ought to take in the 
variation of the permeance of the air-gap with the angle from the 
pole center. Perhaps this can be best done by considering the 
flux resolved into two components, along the polar, and trans- 
verse to the polar axis. The flux produced by the direct ampere- 
turns, may be considered substantially as sinusoidally dis- 
tributed, while that caused by any transverse ampere-turns may 
be considered as distributed as in Fig. 9 herewith, the equation 
of which is Y = B; (snz+sin 32). The m.m.fs of the ar- 
mature are to be thought of as sinusoidally distributed, the di- 
rect flux as sinusoidal, but the transverse flux as non-sinusoidal. 


Let us assume a two-phase machine, with the windings identi- 
eal, and displaced 90 deg. on the armature surface. Let, 7,¢, Na, 
Ny, Iz, i7, La, Ly, a, have the meaning in Prof. Karapetoft’s 
article. Let the direct flux be ¢a, the transverse ¢;!. Let x 
be the ratio of the transverse flux set up by 1 ampere-turn to 
the direct flux (sine-wave component). Let the arrangement of 
the circuits be as shown in Fig. 10 herewith. Then we should 
note that equations (1), (2), (3); (10a), (10b) and (10c) are not 
correct, since although M,, would appear to be zero, there is 
mutual induction between the phases owing to differing air-gap 
permeancee in different directions. 

$1 = X (La/Na) (ta sin a — ip COS @) (1) 

ga= (La/Na) (tq cos a+, sin a), + ty T Ly/N; linking with 
armature (2) 

op=(Lae/Na) (ia cos a+ty sin a) + i¢Ly/N; linking with field 
(3) 
The linkages in phase with a coil in position zis, of course, 
ox = og cosz + ¢; (sin z — 0.33 sin 3 z)- (4) 
When z is changed to a equation (4) herewith becomes 
equation for da. ; 
To find ¢» we let x = 90 deg. — a, and get 
op = basin a + ¢2 (cos a + 0.33 cos 3 a) (5) 
If the initial value of the field current if J; and the short circuit 
occurs when the phase a is in maximum linkage with the pole. 


1. Distribution of ®; is in accordance to density (sinz + sin3 x) and 
according to linkage (sin x —1/3 sin 3 x). 
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of =1;L;/Ny, $6 =0, ba = 71; Ly/Ny (6) 
The constants in equations (3), (4) and (5) herewith, are given 
in (6) or in similar equations for other initial conditions. The 
variables @; and dq can be obtained from equations (1) and (2). 
These equations contain only three unknown quantities 72, 74, and 
if, and therefore, permit us to solve simultaneously. Rather, 
however, pursuing the matter further, I call upon Professor 
Karapetoff to state, whether in his judgment, this reasoning is 
valid and if it would, or would not, lead to materially different 
results. 

It is interesting to note that in equations (10a) and (10c) if 
Oqy and 6g, are each 120 deg. and if Ng = Nz = Ne, that Ma, 
Mea = — 0.5L. It is interesting also to note that equation 
(1) might apply individually to phases even though a short 
circuit were not present. In equation (1) if we let L=0, and 
remove the short circuit, the voltages e are replaced by ég, ép, éc- 
Let us now assume, that 7g, 7), and 7,, are sinusoidal, equal in 
magnitude, and displaced by 120 deg. time phase, then 

(dip/dt) + dic/dt = — (dia/dt), 
di/dt =j2mafJIandd(Mais) dt =£, 
and equation (1) reduces to the familiar form 
EH, —j2mf 8/2) Lala = 4, (Z) 
Or, stated in words, the terminal voltage in any phase with 
balanced load, is equal to the voltage induced in that phase at 
no load, minus a drop in time quadrature with the current, a drop 
which is usually called the synchronous reactance drop. 

Inasmuch as I have been questioned by Professor Karapetoft 
in discussion of a recent article of the Journau for the use of 
synchronous impedance even as a second approximation, I 
should like him to explain clearly for the benefit of the readers 


of the JourNAL his position on this subject so far as it is implied 
in his paper. 


R. H. Park (Communicated after adjournment): On the 
second page of his paper in referring to the coefficient of coupling 
between the phases of an alternator, Mr. Franklin states, 

“Thus, for a three-phase alternator, this coupling coefficient . 
was assumed equal to cos 120, or — 0.5. This ideal-value of 
coupling is seldom obtained in practise.”’ 

Actually, it may be shown that for a symmetrical three-phase 


Transverse Axis 


Fig. 10—Diacram or Two-PHasrt ALTERNATOR 


alternator the numerical value of the mutual inductance M be- 
tween phases must be less than the self inductance L per phase, 
thatis,L +2 M > 0. 

For suppose the alternator of Fig. 11 herewith to be used as 
a transformer, power being supplied to Phase 1 as the primary and 
taken from Phase 2 and 3 in parallel as the secondary. 

The statement of Kirchoftf’s law is for the primary, 


? diy M d (iz + 73) 
Bh a dt - dt ise 
and for Phase 2 of the secondary, 
AN diz M d (is + %1) 
rie t L re + a1 = 2 
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But by symmetry it follows that the currents in Phases 2 
and 3 are equal, that is, iz = 73. Substituting and rearranging 


gives, 
& diy M d (2 iz) 
j ieee 2 Fe ILS Sa UAE RS 
ray + ‘FF + Py € (c) 
, L+Md(2in) Mair _ (a) 
: 2 dt tie sal ci 


Since in equation (d) 2 72 represents the total current entering 
L+M : 
the secondary of the transformer, +o becomes the equiva- 


lent self-inductance of the secondary of the transformer. 
In order that the coefficient of coupling of the transformer shall 


TG el 


be less than unity, it is necessary that L, Ll. > M? where L; is 
the primary and L, the secondary self-inductance and M- is the 
mutual inductance of transformer. Therefore it follows that 
L(L+ M) 
2 
I?+LM —2M?=(L—M)(L+2M)>0 (£) 
or since M is essentially negative L + 2 M > 0. 

N.S. Diamant (by letter): Oneof the interesting features of 
these papers is the extensive use of the ideas of mutual and self 
inductance and fluxes instead of reactances. There was a time 
when the use of these more elementary notions was not very 
popular and we had to use reactances and impedances. In this 
connection Prof. Karapetoft’s method of dealing with permeances 
is very interesting and should prove useful. After a little prac- 
tise the expressions (Z) to (llc) should prove very simple and 
useful in general engineering work. One of the great advantages 
of such expressions is the fact that they keep before us a clear 
mental picture of the underlying physical phenomena. In this 
connection it is very important to remember the meaning of 
K = M?/LyLa. Tf K =1 then M? = LyL, and there is no 
leakage flux between armature and field; this is a condition never 
realized and thus K is always smaller than 1 and K? =oa7 
where o and 7 are the leakage coefficients for the armature and 
field respectively. 

The fundamental treatment of the subject is the same in both 
papers although equations (1) to (4) of Prof. Karapetoff have 
been written in terms of e. m.f. and Mr. Franklin’s equations 
(3) to (6) in terms of flux. For example, translating into English 
equation (1) of Prof. Karapetoff we have: e. m. f., e induced in 
phase A = the e.m.f. of self-inductance of phase A + the 
e. m. f. of mutual inductance of phases B and C + the e. m.f. 
of rotation due to the field flux. Similar to this is Mr. Franklin’s 
equation (113) for a three-phase alternator or the simple equa- 
tions (3) to (6). 

Returning to Prof. Karapetoff’s fundamental equations, it 


MLL, = SUP (e) 


may be well to call attention to the fact that the total induced 
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e.m. f., e is arbitrarily assumed to be a function of s and to be 
equal to S + A for phase A; S + B for phase B, ete. Then the 
value of sis taken as equal to S at the instant of short circuit and 
a new arbitrary relation involving angle & is introduced in equa- 
tions (26) to (28). 

Translating this statement into mathematical shorthand we 
obtain: 

Lata + Mavis + Meate + Myaty = (Na @ sin wt) e~%alt—h) 
for phase A, and similar expressions for the other phases. For 
the field we have: 
Ly ty + Myate + Myo ts + Mee te 

i Ny [ Pyssc => (By — Pf ssc ) Geet Ae —4)] 

I have used the same notation as Prof. Karapetoff and ¢ or 61 
is the time or the corresponding time angle at which the sudden 
short cireuit occurs. 

All this is very good, but an engineer will do well to keep in 
mind always the physical meaning and interpretation of the 
fundamental equations. Unlike the pure mathematician, when 
an engineer introduces arbitrary functions, he will do well to try 
to understand the physical side of his mathematics. If he does 
not, he will be merely riding through a tunnel, having left the 
light behind him and he may emerge again into light or he may 
not.. I have tried to look over Prof. Karapetoft’s paper from this 
point of view of coordinating mathematies with their physical 
meaning and although I had some difficulty in understanding the 
physical meaning of the functions introduced, no doubt this was 
my fault. Prof. Karapetoff with his usual clearness no doubt 
has presented the subject thoroughly but it may require more 
study to understand the physical meaning of all the fundamental 
concepts involved. 

There is another very important point to be considered in 
connection with these papers, namely, that they give expression 
for instantaneous and sustained short-circuit currents but none 
for the transient. 

It is simple to obtain the fundamental expression whose solu- 
tion will give the transient currents as well as their initial and 
final values. Consider one of the phases of a three-phase alter- 
nator and suppose that phase No. 1 is at the position indicated 
in Fig. 12 herewith, when the three phases are suddenly and 
simultaneously short-circuited. Assuming a sinusoidal flux 


Fig. 12—Conpirion AssumMED For DiscussIoN 
distribution, the flux inclosed by phase No. 1 at the instant of 
the short circuit will be: 

Na@asinwt; = Ng Gq sin ™1 

where Nz ®, = maximum flux inclosed by the N, turns of 
any given phase. The flux inclosed by phase No. 2 at the in- 
stant of the sudden short circuit will be Nq Sq sin (0; + 2 7/3), 
and similarly for the third phase. i 

As is well known, the flux inclosed by any given phase under 
sustained short circuit is a very small fraction of Nz @,. There- 
fore, if it is assumed that the sustained short-circuit armature 
reaction (a) is wholly demagnetizing (6) and sinusoidally dis- 
tributed like the field flux, and that (c) the armature resistance 
drop is negligible compared to the reactance drop; then a little 
consideration will show that the armature flux under sustained 
short circuit will be zero. Thus the flux linking with phase No. 1 
is Ng ®q sin 6;, at the instant of the sudden short circuit when 
t = t:; it is reduced to zero at the end of the short circuit when 
t = a, and itis (Nq@q sin wt) e-%a¢—") at any time ¢ during 
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the interval of sudden short circuit, ag being the attenuation 
factor of the armature. Under normal or transient conditions 
the flux linking phase No. 1 is equal at every instant to the mutually 
inductive flux coming from the field plus the self-inductive flux of 
phase No. 1 itself. The corresponding’ condition holds true for 
the other phases. Compare Karapetoff’s equations (1) to (4). 
The field flux, which is Ny ®; under normal conditions, dies 
down to #;; - at the end of the sudden short circuit or at the 
beginning of the sustained short circuit; at any time after the 
sudden short circuit it is equal to (See Fig. 14) 
Be = Dpsse + (Pf — Pfssc) eas (th) 


Ossc = €.m.f Que to Pso- 


S emf. 


_e=em.f due to Pp 


emf. 


e,-emt due to y, 


PropuceD BY Conpuctors CUTTING Qgse, 


Pn AND (Pn +F Oise) 


where ay is the attenuation factor of the field. Under normal or 
transient conditions this flux 7s equal at every instant to the mutually 
inductive flux coming from the three phases plus the self-inductive 
flux of the field itself. 

With reference to Table II in Mr. Franklin’s paper it was very 
gratifying for me to see that Cases 3 and 5 act so differently. . In 
1915 I had noticed this and in view of my meager data stated: 
“‘the case of single-phase short circuits, between two terminals or 
terminal and neutral, present considerable difficulties; the latter 
seems to give much higher current rushes than a short circuit be- 
tween terminals,’’and as seen from the table the ratio is 1 to 1.732. 

The sustained short-circuit phenomena are very interesting and 

particularly the fiux distribution is quite fascinating. As a re- 
sult of a fairly elaborate investigation I had shown in 1918? that 
the armature current and the e. m. f. waves may be nearly sinu- 
soidal but the resultant flux wave may be extremely distorted 
for the simple reason that with the very low voltages which 
obtain under s.s. ec. conditions the fundamental is so greatly 
reduced that the higher harmonics assume a very predominant 
role. For example, if the field flux consists of: Fundamental, 
100 per cent; third harmonic + 10 per cent, and fifth harmonic 
+ 5 per cent, while the armature flux consists of: Fundamental 
— 95 per cent; third harmonic, + 10 per cent, and fifth harmonic, 
+5 per cent; then the resultant will be: Fundamental, + 5 
per cent; third harmonic, + 20 per cent and fifth harmonic, 
+ 10 per cent, — which will bea very distorted wave. 

C. M. Laffoon (by letter): The general method of solution as 
used by Mr. Franklin in determining the magnitude of the short- 
cireuit currents during the first cycle after the short-circuit occurs 
is the same as was used in my paper® on the same subject at the 
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2. Sustained Short-Circuit Phenomena and Flux Distribution of Salient- 
Pole Alternators, by N. S. Diamant, A. I. E. E. Transactions, Vol. 
XXXVII, page 1141. 

3. Short-Circuits Current of Alternating-Current Generators, by C. 
M. Lafoon, A. I, E. E. Journar, August 1924, page 737. 


FRANKLIN: SHORT-CIRCUIT CURRENTS OF SYNCHRONOUS MACHINES 


Transactions A. I. EK. E. 


1924 Midwinter Convention of the A. I. E. E. Moreover, the 
various cases of generator winding combinations and short-cir- 
cuit conditions are also practically the same. 

The expressions for the maximum or peak values of the short- 
circuit waves as derived by Mr. Franklin are in general, the same 
as given in my paper. However, there are two features or dis- 
erepancies to which it is necessary to call attention. It is indi- 
cated in Table II that the peak value of the current in the case of 
a singie-phase short circuit between main terminals is irrespective 
of the width of the single-phase winding belt. The general 
expression for the peak value of the armature current in a single- 
phase short circuit is 
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Hence in order for the armature current of a single-phase genera- 
tor with any width of winding belt to have a constant ratio with 
respect to a terminal-to-terminal three-phase short-circuit 
current, it is necessary for both numerator and denominator of 
the above expression to vary in the same way with respect to the 
width of the winding belt. There can be no question but that 
the quantity 2 1; Mo, variesas the sine of the width of the winding 
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belt. My analysis shows that the quantity La — varies 


approximately as the sine-square of the width of the winding 


belt. These relations are shown in Figs. 18 and 19 of my original 
M 2 

paper. The general shape of the curve of La — aerpatt as a 
iy 


function of the width of the winding belt has been checked ex- 
perimentally by (a) locking the rotor so that the axis of the field 
winding coincides with the axis of the portion of the armature 
winding under consideration; (b) short-cireuiting the field- 
winding; and (¢) then applying single-phase voltage to the ar- 
mature winding. The test results which were obtained on a 
6250-kv-a. turbo generator are shown in Figs. 15 and 16 herewith. 
On this basis, the generai relations between the different ar- 
mature currents of a single-phase generator with different widths 
of winding belts are shown in Fig. 5 of my paper. 


Instant of Sudden Short Circuit at which @=0) 
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In my paper, the maximum value of the armature current for a 
three-phase alternator when the short circuit occurs between 
terminals as given in Case 10 of Table I is based on the condition 
that the short circuit occurs when the axis of the field winding 
coincides with the axis of the portion of the armature winding 
included between two main terminals. If the short circuit oc- 
curs at the instant when the axis of the field winding coincides 
with the axis of one phase, terminal to neutral, the peak value of 
the maximum current will be the same as in Cases 7, 8 and 9 of 
my paper and Cases 8 and 9 of Mr. Franklin’s paper. 

V. Karapetoff: In my paper I assume that there is no 
saturation and no salient poles, but, as has been pointed out 
by Professor Douglas before this problem is finished, we ought 
to extend the solution to machines with definite poles and 
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machines involving saturation. In the initial short circuit, if 
there is saturation in the beginning and the field persists, that 
field will also contain saturation, after the instant of short circuit- 
ing. Mr. Franklin points out in his paper that this factor may be 
approximately taken into account by properly modifying the 
values of self and mutual induction. 

Another answer to Professor Douglas is this: When we investi- 
gate the operation of a machine under normal conditions, we 
want to know its characteristics more or less exactly, but in 
the case of a short circuit, the indefinite resistance of the leads 
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Fig. 15—Totrat Hauivatent LEAKAGE REACTANCE OF 
ARMATURE AND FIELD WINDINGS COMBINED. Axgrs OF Two 
WInpDINGS CoINcIDE, SINGLE-PHasE ARMATURE WINDING 


and of the nature of the phenomenon itself are such that we can 
seek hardly a definite solution, but only a possible maximum. 
So that no such accuracy is required*in problems involving 
short circuits as in problems referring to operating conditions. 

Mr. Doherty wishes to know why I start with differential 
equations rather than using directly the condition of constant 
magnetic linkages. One reason is that in most of our problems 
we have resistance as a factor, and for one problem that involves 
no resistance, I probably have a dozen which contain resistances. 
So it seems more natural always to start with Kirchoff’s Law. 
The other reason is this:‘In a star-connected combination, con- 
stant flux linkages refer to a closed circuit, which, in this case, 
contains two phases in series. Two equations of constant 
linkages may be written, and these equations will contain, say, 
phase No. 1 twice; but phases No. 2and No. 3 only once. There- 
fore, the equations are not symmetrical. From a mathematical 
point of view, it is better to have symmetrical equations, and this 
is done in my paper by introducing an auxiliary voltage e. How- 
ever, I grant that it is possible to introduce a fictitious flux ® 
and in this manner keep the flux equations symmetrical. In 
other words, instead of writing the flux linkage equations in the 
form \ 

2 &, — 2 &, = Const. 
D2} Gd, — z 3; = Const. 
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they can be written in the symmetrical form 


D2) P, = @® + A 
R. F. Franklin: The method of solution is, as stated 


in the introduction, the same as that used several times by 
R. E. Doherty in the solution of various kinds of short-circuit 
problems, and by C. M. Laffoon in his recent paper on alternator 
short-circuit currents. However, whereas Mr. Laffoon’s paper 
deals principally with formulas for initial values and a physical 
interpretation of short-circuit phenomena by the constant- 
linkage method, the present paper gives the derivation of the 
formulas for the instantaneous values of both the initial and sus- 
tained short-circuit currents for all the ordinary alternator 
connections. These formulas will be found very valuable to the 
designer in many problems where a knowledge of short-circuit 
currents or forces is desired. 
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I am indebted to Mr. Laffoon for calling attention to several 
errors in the table of maximum peak values of initial short-circuit 
currents (Table II). The wrong ratios were those for the 
single-phase and two-phase alternator cases which should have 
been divided by 2 and 1/2 respectively in order to reduce them 
to the bases of constant conductors per inch. This revision has 
been made in Table II. The value for the single-phase alter- 
nator case (case 1) depends upon the width of the phase belt as 
also pointed out by Mr. Laffoon. The width of the phase belt 
for the ratio given in Table II is 180 deg. 


A Two-Speed Salient-Pole Synchronous Motor 


BY ROBERT W. WIESEMAN! 
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Synopsis.—The design features and performance characteristics 
of salient-pole synchronous motors are well known and have been 
thoroughly covered in the technical press. The synchronous motor 
has been handicapped in the past because it is inherently a single- 
speed machine, and a change in speed could be obtained only by a 
change in the frequency of the power supply. Changing the fre- 
quency, however, is not practical in most applications. 

The special pole described in this paper which allows two-speed 
operation of asynchronous motor to be obtained at high efficiency is a 
new feature. The same principle applied to a generator enables 
two frequencies to be obtained at the same speed or the same frequency 
at two different speeds. All that is necessary to change the speed (or 
frequency) is a pole-changing switch for the stator winding and a 
reversing switch for the rotor winding. A 5000/2500-h. p., 600/300- 


PURPOSE 


HE purpose of this paper isto present the theory of 
the two-speed (constant torque) salient-pole syn- 
chronous motor, to describe a 5000/2500-h. p., 

600/300-rev. per min., unity power-factor, 60-cycle, 2300- 
volt machine of this type. It will also be shown that its 
characteristics can be predetermined with the same de- 
gree of accuracy as those of the ordinary synchronous 
motor, and that this machine, when driven at constant 
speed, can be made to function as a two-frequency 
generator. 
INTRODUCTION 


The ordinary synchronous motor is inherently a one- 
speed machine because its revolving field, which is ex- 
cited by direct current, must rotate in exact synchro- 
nism with the gliding magnetomotive force of the stator. 
Induction motors can be built to operate at two, three, 
and four speeds because the induction motor has a 
cylindrical rotor, a uniform air-gap, and a distributed 
rotor winding. These features make it easy to change 
the synchronous speed by regrouping the stator and the 
rotor coils. In the synchronous motor with the usual 
salient-pole construction, the air-gap is not uniform and 
the field winding is concentrated. Therefore, to operate 
a salient-pole synchronous motor from a constant-fre- 
quency supply at more than one synchronous speed, a 
special design is necessary. Such a motor is partic- 
ularly suitable for constant-torque loads because syn- 
chronous motors are most efficient when operated at 
normal magnetic flux and current densities at either 
speed. 

The multi-speed synchronous motor can operate at 
unity power-factor (or at any desired leading power- 
factor), whereas the multi-speed induction motor usu- 
ally has a rather low lagging power-factor at the lower 
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rev. per min., two-speed synchronous motor was built without having 
first constructed a model of any kind. This motor proved to be en- 
tirely satisfactory and its characteristics obtained by test agreed very 
closely with the calculated characteristics. 

At either speed the two-speed synchronous motor functions exactly 
as the ordinary synchronous motor. There is nothing special or 
complicated about its construction, it does not require any more at-. 
tention than the ordinary synchronous motor, and its expense of 
maintenance is just the same. The first cost of such a motor is only 
slightly more than that of the ordinary synchronous motor whose 
rating is equal to the low-speed rating of the two-speed motor. There- 
fore, the two-speed synchronous motor is a practical machine and it 


_ should open a new field for synchronous motor application. 
* * 


* * * 


speed, unless a special compensating arrangement is 
used, It will be seen later that the particular two- 
speed synchronous motor described has an efficiency of 
95.6 per cent when operating at 5000 h. p., 600 rev. per 
min., and at 2500 h. p., 300 rev. per min. It can thus 
be seen that the possibility of obtaining two speeds from 
synchronous motors opens a new field of application 
which so far has been covered by induction motors. 

This particular motor (described later) was built to 
drive an a-c. generator at two speeds in order to obtain 
two frequencies. This motor can function equally well 
as a two-frequency generator when driven at constant 
speed. Thus a frequency converter set, consisting of 
two of ‘these machines, could supply three different 
frequencies. 

In some mine fan installations the full capacity of 
the fan is not required at certain periods. In 
cases where a speed ratio of one to two is satisfactory, 
the two-speed synchronous motor should be suitable. 
Although this load would not be a constant-torque 
load, the efficiency at both speeds could probably be 
made higher than that of a corresponding two-speed 
induction motor. Furthermore, the synchronous motor 
could be operated at any power factor to obtain power- 
factor correction. Thus, at the one-half speed condi- 
tion only about one-eighth power is required and the 
remaining synchronous motor capacity can be utilized 
for power-factor correction. One difficulty in this 
application is that 100 per cent pull-in torque is re- 
quired which necessitates a heavy starting winding. 
The ordinary starting winding can be used if a clutch 
is installed or if the motor is equipped with a rotating 
frame (supersynchronous motor). 

Synchronous motors are now being used for ship 
propulsion. Changes in motor speed are accomplished 
by changing the generator frequency by varying the tur- 
bine speed. With a two-speed motor half speed can be 
obtained at normal frequency. The advantage of this 
scheme lies in the operation of the steam turbine at nor- 
mal speed where the efficiency is maximum. 
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- Backwater conditions at certain waterpower plants 
are such that the effective head is much less (sometimes 
one-half) during the rainy season than during the dry 
season. For efficient operation the water turbine speed 
should be reduced with the head, a condition which 
gives a much lower turbine speed during the rainy 
season. In cases where the turbine speed is reduced to 


Fig.l n Speed 
Fig.2 5 Speed 
Fig.3 n Speed 


Fig. 1-2—F Lux DistrRiBuTion IN THE AIR-GAP OF AN ORDINARY 
Sauient PotE}Macuine at No Loap 


Fig. 3—Fiux DistrRiBuTiION IN THE ArIR-Gap OF AN ORDI- 
NARY SALIENT Pote MAcHINE aT NO LOAD WHEN ONE POLE 
1s REVERSED 


one-half, a two-speed generator would give normal 
frequency at both normal speed and one-half normal 
speed of the turbine. 

It was originally hoped that the two-speed synchro- 
nous motor could be used advantageously for refrigera- 
tion. In the summer the ammonia compressors are 
usually worked continuously at full capacity. In the 
winter the compressors are unloaded (two-cylinder 
compressor operated with only one cylinder), a con- 
dition which requires abnormally large fly-wheels. 
Otherwise trouble due to hunting and excessive current 
pulsations will be experienced. This difficulty is now 
being overcome by using the modern clearance pockets 
in the cylinder of the compressor. With a two-speed 
motor both cylinders could be used at one-half speed 
which would give the same degree of refrigeration as 
at full speed with only one cylinder; but about five times 
the normal speed fly-wheel effect is necessary to prevent 
excessive current pulsations. Thus the fly-wheel for 
this condition is nearly as large as the one required when 
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the compressor is unloaded, and the advantage of the 
two-speed synchronous motor in this case is not so 
marked. 


SPECIAL POLE NECESSARY FOR Two SPEED OPERATION 


Fig. 1 shows diagrammatically the flux distribution 
in the air-gap over a pole-pitch in an ordinary salient- 
pole synchronous motor. In order to make this ma- 
chine operate at half of its normal speed, the number of 
poles must be doubled and the armature winding must 
be reconnected accordingly. Thus, to have a motor 
which will operate at normal and one-half normal speed, 
it is necessary to arrange the armature and field wind- 
ings so that they can be connected for either normal or 
twice normal number of poles. Fig. 2 shows the flux 
distribution in the air-gap over two poles of opposite 
polarity which are placed in the same space as that 
shown in Fig. 1. This represents at one-half speed the 


Fic. 4-5—F1Lux DistriBuTion IN THE AtrR-GAP OF A SALIENT 
Porte Macuine at No Loap with SpeciaL PoLes at THE HicH 
AND Low SPEEDS RESPECTIVELY ’ 


flux distribution, which is the same as in an ordinary 
machine. Now, to operate this machine (Fig. 2) at 
normal speed, the polarity of one of the poles must be 
reversed; the flux distribution will then take the form 
shown in Fig. 3. This condition gives a flux wave with 
a pronounced third harmonic which gives a very high 
core loss due to excessive hysteresis. Furthermore, the 
flux represented by the shaded area is lost and thus the 
capacity of the machine is decreased. 
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To overcome the objectionable condition shown in 
Fig. 3, the author devised a special pole piece. Figs. 4 
and 5 show the flux distribution in the air-gap with this 
special pole shape for the high and low speeds respect- 
ively. Comparing the flux wave of Fig. 4 with that 
of Fig. 3, it will be apparent that the core loss will be 
be much less for the flux distribution represented by 
Fig. 4. Tests have shown that, with the special pole, 
(Fig. 4), at normal speed, the core loss is only 15 per cent 
greater than that of the ordinary salient-pole machine 
(Fig. 1); but this is not objectionable. At half speed, 
(Fig. 5), this special pole increases the core loss over that 
shown in Fig. 2. The hysteresis loss is the same in 
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Fig. 6—MertuHop or CHANGING POLES ON THE RoTOR OF A 
Two-SrpEED SyNcHRONOUS MoTOoR 


both cases, but the eddy-current loss is greater due to 
the steep wave front at A. Tests show, however, that 
the core loss for the half speed condition, (Fig. 5), 
is also only about 15 per cent greater than that of an 
ordinary salient-pole machine, (Fig. 2). The distance 
between the poles B should be made large enough to 
prevent a high leakage flux for the low speed condition, 
(Fig. 5). This leakage flux would be high only in a 
machine with a very large number of narrow poles. 
The shape of the pole face is a compromise between the 
best shapes required at the two speeds respectively. 
If the motor is to operate most of the time at the high 
speed, the distance between the pole pieces B, (Fig. 4), 
should be made relatively small. Conversely, if the 
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motor is to operate mostly at the low speed, the distance 
B should be increased. 


SCHEME FOR CHANGING NUMBER OF ROTOR POLES 


The scheme for changing the number of effective rotor 
poles in the ratio of two to one is shown by Fig. 6. The 
polarity of the polar projections for the high speed is 
indicated by N, S, S, N, etc., to the right of the vertical 
center line and the polarity for the low speed is indicated 
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by N, S, N, S, ete., to the left of the vertical center line. 
To simplify the method of connecting the field coils, 
half of the coils have their connections made on one end 
of the rotor and the other half are connected on the 
opposite end. It’should be noted that every other pair 
of polar projections have the same polarity for both the 
high and low speed conditions and the field coilson these 
polar projections are connected to one set of collector 
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rings—to the right. The pairs of polar projections 
whose polarities must be reversed when changing from 
the high to the low speed, or vice versa, are connected 
to the other set of collector rings—to the left. The two 
sets of collector rings are connected in series through a 
reversing switch. The number of rotor poles is changed 
in the ratio one to two,—high to low speed, or vice 


April 1925 


versa, by throwing the reversing switch to the right or 
to the left. 


DESCRIPTION OF STATOR 


The stator of a two-speed synchronous motor is prac- 
tically the same as the stator of an ordinary synchronous 
motor. The stator frame and stator punchings are 
exactly the same. No special arrangement of the turns 
or the conductors in the coil is necessary. The only 
difference is in the stator coils and coil connections. 
The coils usually have a smaller pitch than those used on 
ordinary synchronous machines and thus the coil and 
projection is less. The stator coil pitch can be varied 
within certain limits to accommodate the conditions of 
design. At the high-speed connection the coil pitch 
can be made 50 to 60 per cent (coil cc, Fig. 4), which 


makes the pitch 100 to 120 per cent (coil c’c’, Fig. 5) 
at the low speed connection. 
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A-c. motors are usually supplied with electric power 
from constant potential lines. Since it is desirable to 
have the magnetic flux density in the air-gap approxi- 
mately the same at both speeds, it follows that the num- 
ber of turns in series per phase of the stator winding at 
low speed must be twice the number in series at high 
speed. Therefore, changing the number of stator poles 
in the ratio of one to two consists of changing the num- 
ber of circuits in the ratio of two to oneinsuch amanner 
that half of the phase groups are reversed. The method 
of reconnecting one phase of the stator winding by 
reversing every other phase group is similar to recon- 
necting the field coils as shown by Fig. 6. 


Two-PHASE STATOR WINDINGS 


Figs. 7 and 8 show the method of connecting a two- 
phase stator winding for the high and low speeds re- 
spectively. This connection requires only six terminals 
and it can be used for either three- or four-wire two- 
phase circuits. The advantage of this connection is its 
simplicity. Forthisreasonitis used on induction motors. 
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Its disadvantage is that the phase belt is 180 deg. at 
the low-speed condition. A 180-deg. phase belt is not 
recommended for a two-speed synchronous motor be- 
cause the short-circuit core loss with a 180-deg. phase 
belt is nearly twice that obtained when the phase belt 
is 90 deg. Furthermore, the flux per pole is 41 per cent 
greater with the 180-deg. phase belt, and thus the core 
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Fig. 10 


loss is about 90 per cent greater and the field R I? loss 
about 250 per cent greater. 

To overcome the objectionable features of the 180- 
deg. phase belt at the low-speed condition, a 90 -deg. 
phase belt should be used and the stator winding con- 
nected as shown by Figs. 9 and 10. In Fig. 9, each 
phase is split into two 45-deg. belts, which become 90 


Las 5 ely 89 10 11 » | 


| PhaseA PhaseB Phase | PhaseA PhaseB PhaseC 


aaa a 


Fie. 11 


deg. belts in Fig. 10. Twelve terminals are required 
when the two-phase power supply is three-wire. If the 
power supply is four-wire, the leads 9, 10, 11, and 12, 
(Figs. 9 and 10), can be connected internally and then 
only eight terminals are necessary. In this case the 
line terminals for the high speed, Fig. 9, will be 1-3, 
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2-4, and the leads 5, 6, 7, and 8 areconnected. -Forthe 
low speed, Fig. 10, the lines will be 5-7, 6-8, and no 
connection will be necessary. 

. THREE-PHASE STATOR WINDING 


Figs. 11 and 12 show the wiring diagrams for a three- 
phase stator winding which requires only six terminals. 
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The phase belt for the high-speed condition is 60 deg. 
and for the low-speed condition 120 deg. The increase 
in the phase belt from 60 deg. to 120 deg. helps to coun- 
teract the decrease in flux due to the increase of the 
stator coil pitch when changing from high to low speed. 
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DESCRIPTION OF A 5000/2500-H. P., 600/300-REv. 
PER MIN., TWO-SPEED SYNCHRONOUS MOTOR 
Fig. 13 shows the stator of a 5000/2500-h. p., 600/300- 
rev. per min., 12/24-pole, 60-cycle, unity power-factor, 
two-phase, 2300-volt, two-speed, synchronous motor 
with the end shields removed. The stator winding is 
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arranged so that a 90-deg. phase belt is obtained at both 
speeds. ; 

Fig. 14 shows the rotor completely assembled. The 
poles are equally spaced so that the maximum amount 
of interpolar space_can be utilized for the field coils. 
This motor is used on a 24,000-kv-a. frequency 
converter set where it was desirable to place the 
motor coupling between the rotor and the bearing. 
In order to reduce the axial length of the set to a mini- 
mum, all four collector rings were placed at one end of 
the rotor. The usual practise is to place the coupling 
beyond the bearing and then it is desirable to place two 
collector rings on each side of the rotor. 


ah 


ge 


Fia. 14—Roror or a 12/24-Poiz, 5000/2500-H. P. 600/300- 
Rev. Peer Min. Two-Sprep SyncHRonovus Moror 


Fig. 15 gives a section view of the motor showing the 
unsymmetrical pole tip. The poles are equipped with 
an amortisseur starting winding, consisting of five bars 
per pole. Starting tests show that the unsymmetrical 
pole face has no tendency to cause the motor to lock at 
a sub-synchronous speed when it is connected for either 
speed. 

An interesting feature in the rotor construction of 


Fie. 15—Srction View or Two-Srrep SyncHRonovus Motor 


this two-speed motor is the possibility of arranging the 
field coils at the high speed connection to form a two- 
phase winding which would give considerable starting 
torque when the motor is operated as an induction 
motor. This can be done by dividing the coils into two 
independent groups, each group consisting of alternate 
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coils connected in series, and by short-circuiting the 
groups separately. The disadvantage of this scheme 
is that eight collector rings would be required and thus 


Fig. 16—FLtux Wave 1n ‘Arr-Gap at High Sperp No Loap 


the axial length of the motor would be materially 
increased. 


PREDETERMINATION OF MOTOR CHARACTERISTICS 


The actual flux distribution in the air-gap is obtained 
by taking an oscillogram of the voltage induced in an 
exploring coil placed on the armature face. Figs. 16 
and 17 show the flux waves obtained by tests for the 
high and low speed conditions respectively. 


Fig. 17—F Lux Wave In Air-Gap at Low Sprep No Loap 


Fig. 18 shows the outline of the magnetic field struc- 
ture drawn to scale. The flux distribution in the air- 
gap is obtained graphically by plotting the equipotential 
lines of magnetomotive force and the tubes of magnetic 
flux. The influence of the stator and rotor slots is 
neglected. The dotted lines in Fig. 18 give the calcu- 
lated flux distribution in the air-gap and the full lines 
show the flux distribution obtained by test. In plotting 
the actual flux waves (Figs. 16 and 17) in Fig. 18 the 
ripples due to the rotor amortisseur winding slots were 
neglected. It should be noted that in Fig. 18 the full 
wave (one-half cycle) of the low-speed flux wave is 
shown and only half (one-quarter cycle) of the high- 
speed flux wave is shown, since this is a symmetrical 
wa e (Fig. 16). The calculated flux waves agree very 
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closely with those obtained by test. Since the "pre- 
determination of the flux distribution in the air-gap is 
the foundation upon which the design calculations are 
based, it follows that the characteristics of a two-speed 
synchronous motor can be readily predetermined. 

Fig. 19 shows the calculated and test saturation, syn- 


Low Speed 


One Half Cycle 


Fig. 18—Fuux Disrrisution 1n Arr-Gap at No Loap 


TErstT 
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Armature Voltage and Current 


Field Current 


Fig. 19—CrHaractreristic Curves 12/24-Poun '5000/2500- 
H. P. 600/300-Rev. per Min. Two-Srenp Syncnronovus Motor 
av 600-Rev. per Min. Normat VOLTAGE 


Trst 
CALCULATED 


chronous impedance, and no-load phase characteristic 
curves for the high-speed condition; Fig. 20 gives simi- 
lar low-speed characteristics. Figs. 21 and 22 give the 
starting torque and starting current for the high and 
low-speed conditions respectively. A comparison of 
Figs. 21 and 22 will show that the starting torque 
developed with the high-speed connection is much 
higher than that developed under the low-speed con- 
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dition. The flux density in the air-gap is higher and the 
reactance is lower for the high-speed condition, and since 
the starting torque varies approximately as the square 


Armature Voltage and Current 
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Fig. 20—CHaARrAcTERISTIC CurRvES 12/24-PotE 5000/2500- 
H. P. 600/300-Rev. per Min. Two-Sprrp SyncHRonovs Motor 
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of the flux density and inversely as the reactance, it 
follows that the high-speed condition should give a 
higher starting torque. 

The efficiency curves of this motor at the high and low 


a 


Torque and Armature Current 
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Fig. 21—Srartinc Toreur 12/24 Porm 5000/2500-H. P. 
600/300-Rev. pmr Min. Two-Srrep SyncHronous Moror 
Norma Voutace 600-Rev. per Min. CoNNECTION 


TrstT 
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speeds are shown in Fig. 23. These efficiencies were 
obtained experimentally by the segregated-loss method 
and they include the windage and friction loss, open- 
circuit core loss, short-circuit core loss, armature and 
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field R I? losses. These efficiency curves show that at 
normal load the efficiency is about the same at both 


speeds. This refers to 5000 h. p., 600 rev. per min., and 
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Fig. 22—Srartine Torque 12/24 Poise 5000/2500-H. P. 
600/300-Rrv. pER Min. Two-Sprep SyncHronous Moror 
Norma VouraGe 300-Rev. per Min. CoNNECTION 
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Fic. 23—-Erricrency 12/24 Pore 5000/2500-H. P. 600/300 
Rev. PER Min. Two-Srprep SyncHronovus Motor 


Fia. 24—Vo.ttace Wave at Hicu Srrep No-Loap 


to 2500 h. p., 8300 rev. per min. The stator R J? losses 
are about the same in either case, but the windage and 
core losses are much less at the low speed. This ac- 
counts for the high efficiency at the low speed. 


i 
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TWo-FREQUENCY GENERATOR 


A two-speed synchronous motor can also function as 
a two-frequency a-c. generator when driven at constant 
speed. Although the flux wave at either frequency 
deviates appreciably from a sine wave, the voltage wave 
can be made nearly sinusoidal by a suitable choice of 
the number of slots and of fractional pitch of the arma- 


Fig. 25—VouraceE Wave at Low Sprep No-Loap 


ture coils. Fig. 24 shows an oscillogram of the no-load 
voltage wave when the above described machine is 
connected for the normal number of poles, and Fig. 25for 
twice the normal number of poles. These voltage waves 
are really good waves when we consider that the ma- 
chine was connected two-phase and had an integral 
number of armature coils per pole per phase. The 
voltage waves would be much better in a three-phase 
machine with a fractional number of stator coils per 
pole per phase. By comparing the flux wave, Fig. 16, 
- with its voltage wave, Fig. 24, and similarly, Fig. 17 
with Fig. 25, it will be seen how much the pitch and 
distribution of the armature coils reduce the various 
flux ripples and harmonics. _ 

The efficiency of this machine obtained by test, when 


used as a multi-frequency generator, is as follows:— 


300 Rev. PER Mn. 


12 poles,.30 cycles 
2000 kw., 1.0 P. F. 
Efficiency 95.4 per cent 


24 poles, 60 cycles 
2000 kw., 1.0 P. F. 
95.6 per cent 
600 Rev. err Min. 

12 poles, 60 cycles 24 poles, 120 cycles 

4000 kw., 1.0 P. F. 4000 kw., 1.0 P. F. 

Efficiency 95.7 per cent 95.8 per cent 
The efficiency at 300 rev. per min., 60 cycles is slightly 
higher than at 300 rev. per min., 30 cycles because the 
field R I? loss is less for the 24-pole connection. 


CONCLUSION 


There is nothing special or complicated about the 
construction of the two-speed synchronous motor. Its 
performance can be predetermined with the same de- 
gree of accuracy as that of the ordinary synchronous 
motor. It does not require any more attention than an 
ordinary synchronous machine, and its maintenance 
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expense is just the same. The cost of such a motor is 
only slightly higher than that of an ordinary synchro- 
nous motor whose rating is equal to the low-speed rating 
of the two-speed motor. Therefore, this new syn- 
chronous motor is a practical machine and should open 
a new field for synchronous motor application. 


Discussion 


S. H. Mortensen: Mr. Wieseman’s paper brings out, clearly, 
the fact that two-speed synchronous motors ean be built economi- 
cally, and that a machine of this kind properly proportioned will 
practically maintain all the virtues of the standard salient-pole 
synehronous motor. The field of application for a motor of this 
kind is at the present time rather limited. The only application 
the speaker can think of in addition to the ones Mr. Wieseman 
has mentioned is that for driving two-speed pumps such as are 
sometimes used with condenser installations. 

This type of drive would, of course, not be a constant-torque 
proposition at the two speeds any more than the mine fans men- 
tioned by Mr. Wieseman. The horse power required at either of 
these drives varies approximately with the cube of the speed of 
operation. A study of the starting characteristics shown in 
Figs. 21 and 22 indicates that with 12-pole stator connections, 
this machine can start and synchronize more than full load. 
With 24-pole connections, its starting characteristics are much 
inferior. However, very large loads corresponding to the 24- 
pole operation could be brought into synehronism by starting the 
motor as a 12-pole machine, bring it up to a speed beyond the 
24-pole synchronous speed and then by suitable switching, change 
its stator connections from a 12-pole to a 24-pole winding. The 
fields could then be excited and the motor would slow down and 
lock into synchronism. If this procedure is followed for fans, 
pumps and similar drives, the motor could be started upon a 
comparatively low starting voltage and brought into synchronism 
without causing undue line disturbances. 

In connection with the starting-torque curves, Figs. 21 and 22, 
it would be of interest to know if these curves were obtained with 
the motor fields short-circuited on themselves, or through a re- 
sistance, or, possibly, with the field circuit open at the 
starting period. 

The efficiencies shown in Fig. 23 are at full load from 1 per cent 
to 11% per cent lower than the efficiencies that might be expected 
upon a single-speed machine of this rating. At fractional loads, 
this condition will be even more favorable to the standard 
machine. In this connection it would be of interest to know what 
class of steel is used in the stator of this particular machine. The 
flux-distribution curves shown suggest that high-silicon steel 
would have a decided advantage over standard steel to the ex- 
tent of reducing eddy-current and hysteresis losses. As the flux 
waves shown in Figs. 16 and 17 have very decided ripples, it 
would be of interest to know whether this machine was noisy 
during operation. 

Regarding Mr. Wieseman’s statement that a machine of this 
design is only slightly more expensive than a standard machine, 
it would seem to the speaker that this would apply only to 
high-speed machines, where the field leakage and heating of the 
rotor coils is not a limiting feature. Where slow-speed. machines 
are involved, the increased field leakage, in addition to the 
reduced field ventilation caused by the proximity of the pole tips, 
would limit the output and make it necessary to supply a con- 
siderably larger machine for two-speed operation than would be 
necessary for a standard one-speed machine. 

H. Weichsel: We have been accustomed for many years t 
hear and talk about multiple-speed induction motors, and, on 
the other hand, we had a more or less deep-rooted. belief that 
synchronous motors are inherently single-speed machines. 
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This limitation has been taken more or less as a matter of course 
without analyzing the underlying reasons why synchronous mo- 
tors were not built as multiple-speed machines. 

During the last few years, the general interest in the synehro- 
nous motor has grown enormously. This is largely due to the 
better understanding of the tremendous losses and engineering 
difficulties which are created in a-c. systems when energy is 
transmitted under low power factor. The operating difficulties 
and economic losses, due to low power factor, hit the operating 
engineer first, then the consumer, and, finally, reacted upon 
the manufacturer of the electric machinery. 

We are now in the third stage, as is evidenced by the fact that a 
very large number of operating engineers and power consumers 
have turned for help to the motor manufacturers, asking them to 
assist in solving the tremendously important question of power- 
factor correction. The result of this appeal has been that during 
the last few years, great efforts have been made to introduce 
more generally the application of such motors as inherently op- 
erate at unity or even leading power factor. It is a well-known 
fact that the synchronous motor has the desired property of 
operating with leading or unity power factor. Unfortunately, 
while the conventional type of synchronous motor possesses the 
desirable ability of good power factor, yet it is also guilty of 
several serious shortcomings in comparison with the induction 
motor so generally used at present. 

The designing engineers, as well as the inventors, have worked 
diligently during the last few years on the problem of freeing the 
conventional synchronous motor of its shortcomings. It is well- 
known that during the last few years remarkable progress has 
been made in approaching the goal of an ideal single-speed syn- 
ehronous motor, but thereby still leaving the field of multiple- 
speed motors to the induction machines. This, on the other 
hand, is particularly undesirable from the power factor viewpoint, 
as all induction motors, and especially multiple-speed induction 
motors, have a poor power factor at low speeds. 

Mr. Wieseman is, therefore, to be congratulated for having 
attacked the problem of two-speed synchronous motors and 
solved it in a remarkably satisfactory manner. 


As far as I ean see, in analyzing the problems of two-speed 
synchronous motors, it appears that the real problem lies in the 
rotating or d-c.member. The regrouping of the d-c. pronounced 
poles, such as are used in the conventional type of synchronous 
motor, is extremely simple in principle when a speed ratio of 1-to- 
2 is desired and has been understood for many years. Unfor- 
tunately, such a regrouping of the poles of a standard synechro- 
nous motor produces an entirely unsatisfactory field distribution 
which results in excessive losses and low weight efficiency of the 
machine. The problem of producing two-speed primary wind- 
ings, on the other hand, is in principle the same as that which for 
many years has been solved in connection with two-speed in- 
duction motors, 


The important question is, therefore, the creation of a d-e. 
member which can be satisfactorily excited for two different 
numbers of poles. In order to accomplish this result, Mr. Wiese- 
man found it necessary to reduce the distance between the pairs 
of poles to a value very materially below the distance between 
pole horns as found in standard designs. From Fig. 4 of the 
paper, it appears that the gap between two adjacent pole horns 
is made so small that the surface of those poles which form one 
pair approaches, in its appearance, the cylindrical surface of an 
induction-motor pole. The following question arose in my mind: 


Why not go the whole way and construct the rotor entirely 
on the lines of an induction motor and provide the rotor with a 
winding which allows the regrouping of poles in the ratio of 2-to-1. 
It is well known that such an arrangement can readily be ob- 
tained, for instance, by winding the rotor exciting winding as 
per Fig. 1 herewith. This winding consists of two groups of 
poles which can be reversed against each other, similar to the 
arrangement shown in Fig. 6 of Mr. Wieseman’s paper. Single- 
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speed synchronous motors without pronounced poles, using a 
kind of induction motor rotor, have been built very successfully 
for several years, especially by some European concerns. They 
are known under the name of ‘‘synchronous induction motors.” 
These motors have shown themselves in several respects 
superior to the conventional type with pronounced or salient 
poles. It is possible to obtain with this type of synchronous 
motor starting and synchronizing characteristics which are 
superior to those usually available in pronounced pole synchro- 
nous motors. This advantage is obtained by using the rotor 
during starting as the wound secondary of an induction motor. 


By introducing resistance in this winding, a high starting torque 
with low starting current can be obtained, and when machine has 
come up to speed, the induction motor slip can be held very low, 
as the winding is completely short-circuited. This low slip, on 
the other hand, results in a good synchronizing torque. 

I have made some very rough calculations for a medium-size 
machine of moderate speed which seem to indicate that two-speed 
synchronous induction motors are quite feasible. I would like 
to ask Mr. Wieseman’s opinion on the possibility of such a type 
of machine. No doubt, Mr. Wieseman has investigated this 
problem and is in a position to point out the shortcomings of a 
two-speed synchronous induction motor when compared with a 
two-speed salient-pole synchronous motor. 

Mr. Wieseman makes a statement which is particularly inter- 


esting to me, namely, that the stator winding for the high-speed 
connection should have a coil pitch of about 50 per cent to 60 
per cent which makes the eoil pitch 100 per cent to 120 per cent 
for the low-speed connection. . 


This is exactly the relation which designers have found to be 
feasible for two-speed induction motors. In the design of in- 
duction machines, it has been found that if the coil pitch for the 
high-speed differs materially from 50 per cent, then the shape 
of the magnetic field for the slow-speed connection is very un- 
desirable. In Fig. 2 herewith, a three-phase winding with 66 
per cent for high-speed (4 poles) and 132 per cent for low-speed 
(8 poles) has been shown. The field for the slow speed can be 
considered as being made up of a symmetrical 8-pole field and 
superposed over this are fields with a different number of poles 
than desired. These higher ‘‘harmonie”’ fields are quite detri- 


april 1925 


mental for multiple-speed induction motors and are often re- 
sponsible for subsynchronous speeds and also for abnormally 
large leakage with consequent reduced output of the machine. 


I surmise that this is the reason why Mr. Wieseman recommends 


for two-speed synchronous motors, a coil pitch of 50 per cent to 
60 per cent of the high-speed pole pitch. 

The starting performance of the two-speed synchronous motor 
as given on the seventh page of Mr. Wieseman’s paper is very 
satisfactory. It would be of interest, however, if we could hear 
from Mr. Wieseman regarding the synchronizing torque which 
these machines are capable of developing, and in this connection, 
he might enlighten us also on the question as to whether these 
machines can be switched from low-speed connection to ‘full- 


Fig. 3—Pour SHor Givina IpEAL Wave Form at Hatr 


SPEED 


speed connection, and vice versa when operating under full load. 
In other words, is or is it not necessary to remove the load 
before the windings can be switched from one speed to another? 

In Figs. 16 and 17 of Mr. Wieseman’s paper, oscillographic 
records are given of the voltage in a search coil. Mr. Wieseman 
then draws in Fig. 18, the ‘“‘tested’’ field shape by using the 
oscillogram reeords for the voltage neglecting the ripples in the 
voltage oscillograms. 

In the A. I. E. E. Procerpines 1912, page 526,I pointed out 
that the photographie records of the voltage induced in a search 
coil do not represent the true field distribution, because due to 
- the passing of the teeth, the magnitude as well as the shape of the 
magnetic field produced by the d-c. winding is not constant but 
changes rapidly when the teeth pass each other, due to the 
movement of the rotor. 


I presume that this phenomenon induced Mr. Wieseman to 
draw the tested field curve from the oscillograph record by 


neglecting the ripples and thereby obtaining a kind of an average, 


J. F. H. Douglas and E. W. Kane (by letter): One under- 
stands upon reading the section headed ‘‘Special Pole Necessary 
for T'wo-Speed Operation,” that this pole contributes to the 
efficiency of the motor’s operation, and that the core loss is kept 
within 15 per cent of the value usual in single-speed motors of this 
size, and with a reasonable leakage. However, it does not ap- 
pear that the more usual shapes of pole shoe would be inopera- 
tive, nor is it claimed that the pole shown is a form giving maxi- 
mum effectiveness or that the wave form is good. Data on the 
maximum power factor obtainable with this motor running light 
would be of-interest in this connection. 

One understands that the poles are close together to cut down 
core loss, yet. by referring to Figs. 16 and 17, we see pronounced 
ripples which must increase core loss. These ripples are of the 


31st and 33rd order in Fig. 16 where the stator teeth per pole are: 


16. Fig. 17 has large 15th and 17th harmonics when the stator 
teeth per pole are 8. Both cases come under the general rule 
applying to tooth harmonics, namely, if N is the number of 
teeth per pole (being an integral number) then they may cause 
harmonies of the (2 N + 1) order. They may be eliminated, of 
course, by partly closing the slots, but they can be also eliminated 
by eliminating harmonies of tooth-ripple frequency from the 
pole shoe. The proof of this proposition was given in an ap- 
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pendix to a paper we read in Chicago, June 1924, before A. I. E. E. 
on ‘Potential Gradient and Flux Density.’? At any rate, a 
Fourier analysis of curves in Fig. 18 was made, and even without 
pronounced ripples of flux showing, harmonies of considerable 
size of the above orders were found. 

An ideal wave form for low speed is shown in Fig. 3 herewith 
by curve B C from poles A. When the poles are reversed 
for high-speed operation the curve B D would probably result 
with the cusp replaced by F. The coreloss of this wave would 
probably be 50 per cent greater than a sine wave, but the flux 
lost would not be the area between the two peaks B and D 
but merely the difference between the peak B, and the peak of 
E the fundamental sine-wave component. The T. I. F. of 
the wave was computed as 235, and while interference is of no 
particular interest in this connection, this factor will serve as well 
as any for relative comparisons. 

An ideal wave form for the high speed is shown in Fig. 4 here- 
with by the curve B C produced by the split pole A. When 
the pole halves are properly reversed for half speed, the wave 


BD E results, which has a T. I. F. of 1040, worse than the first 


wave in Fig. 3. With the pole tips separated to point F, we 
have the arrangement devised by Mr. Weiseman, with rounded 
corners H for the low speed, and the dip or dimple G for the 
high speed. We analyzed the wave forms shown in Mr. Weise- 
man’s paper in Fig. 18, and found that for the low speed the 
T. I. F. was 140, and for the high speed the T. I. F. was 286. 

It is plain then that a perfect wave cannot be found for both 
speeds, but that a compromise must be made. If it were thought 
desirable, we have no doubt further improvements could be 
made. How well this design secures a favorable compromise on 
all of the questions involved in the design is truly remarkable. 


R. W. Wieseman: The twelve-pole starting characteristics, 
Fig. 21, are much better than the twenty-four-pole characteristics, 
Fig. 22, as Mr. Mortensen has pointed out. This was mentioned 
in the paper and the reasons for this difference were given. Ina 
three-phase motor the difference between the two starting charac- 
teristics would not be so pronounced because in a three~phase 
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machine the air-gap flux density can be more readily made the 
same for both the high- and the low-speed conditions. The 
starting characteristics, Figs. 21 and 22, were taken with the field 
winding open circuited. If the field winding had been short- 
circuited through a suitable resistance, the starting torque (at 
zero speed) would have been a little lower, but the pull-in torque 
(at 95 per cent speed) would have been considerably higher. 

Mr. Mortensen stated that the full-load efficiencies are from 
1 to 1.5 per cent lower than the efficiencies that might be expected 
from a single-speed machine of the same rating. Whether an 
efficiency is high or low is a matter of opinion. The efficiency 
of a machine depends largely upon the amount and kind of 
material which is used in its construction. With a better grade 
of iron and additional copper, there is no question that the effi- 
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ciency of the motor could be increased. This increased effi- 
ciency, however, would increase the cost of the motor and, conse- 
quently, it depends upon how much a per cent of efficiency can 
be capitalized. A machine which is used continuously should 
naturally have a higher efficiency and cost more than a machine 
which is used periodically. 

Mr. Mortensen aiso stated that since the flux waves, Figs. 16 
and 17, have very decided ripples, it would be of interest to know 
whether this machine is noisy during operation. At the low speed 
the motor is very quiet, having no magnetic noise and only a little 
windage noise. At the high-speed there is no magnetic noise, 
but the windage noise is much more pronounced. 


Mr. Mortensen has ealled attention to the fact that a low-speed * 


motor of this type would be considerably larger than a standard 
single-speed motor. I agree that a low-speed machine of this 
type is larger, and, therefore, more expensive than the standard 
motor. However, this motor is in reality two synchronous 
motors in one so that it is natural that the motor should cost more 
than one standard motor. Just how much more a two-speed 
motor would cost depends somewhat upon the speed. 


The cylindrical rotor with a distributed rotor field winding 
could be used successfully in a two-speed synchronous motor 
as described by Mr. Weichsel. This construction would be 
advantageous only for small machines; for large motors I think 
the salient-pole and concentrated-field winding would be more 
economical and more efficient. 

The choice of armature coil pitch for a two-speed synchronous 
motor is determined by the same principles as the ease of the two- 
speed induction motor as Mr. Weichsel has pointed out. 


The possibility of changing from low to high speed when 
operating under full load depends upon the design of the pole-face 
starting winding and the moment of inertia of the load. Syn- 
chronous motors can be built with very heavy starting windings 
(with a large thermal eapacity) which ean furnish full-load torque 
for an appreciable time. This type of machine is naturally more 
expensive than the ordinary motor. Furthermore, a large pole- 
face winding requires a deep pole tip which reduces the available 
space for the rotor field coil and it also increases the field leakage 
flux. Consequently, a synchronous motor (single-speed or multi- 
speed) which is designed to accelerate normal torques is not so 
good a synchronous motor as one which has the usual starting 
winding. 'The motor described in this paper is capable of giving 
full-load torque from 50 to 90 per cent speed at the high-speed 
connection with 65 per cent armature voltage. By short-eir- 
cuiting the field winding with a suitable resistance, and then 
exciting the field winding, the motor should pull into synchronism. 
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If the inertia of the load is such that this operation could be ac- 
complished in less than a minute the motor would not overheat. 
In changing from the high speed to the low speed under load, the 
problem is not so difficult. With a little practise, I think an 
operator could synchronize the motor as it comes down through 
half-speed with a reduced voltage impressed on the armature 
winding. 

The voltage wave induced in an exploring coil is not strictly the 
same as the flux wave as pointed out by Mr. Weichsel. My 
reason for omitting the ripples in the flux waves, Fig. 18, was to 
check the predetermined flux waves. The usual design caleula- 
tions will not give very accurate results when they are applied to 
a machine which has a special field structure as shown in Fig. 15. 
Therefore, it was necessary to predetermine the flux distribu- 
tion over the poles and then obtain the various flux-distribution 
coefficients which are used in the design calculations. In pre- 
determining the flux distribution in the air-gap graphically by 


-plotting the equipotential lines of magnetomotive force and the 


tubes of magnetic flux, it is convenient to neglect the influence of 
the stator slots and the rotor pole-face winding bars. It is 
assumed that the flux waves obtained in this manner will be 
average waves and that the distribution coefficients obtained 
from these flux waves will, therefore, represent the average 
condition. In this way the characteristics of the motor, pci 19 
and 20, were predicted very closely. 

Messrs. Douglas and Kane stated that it did not appear that 
the more usual shapes of pole shoe would be inoperative. Of 
course not, and the paper contains no statement to the con- 
trary. However, the usual pole shape would not be so efficient 
as the one shown in Figs. 4and 5. The maximum power factor 
obtainable when this motor is running light at either speed is 
100 per cent. 

I am at a loss to know why Messrs. Douglas and Kane ecaleu- 
lated the telephone interference factor (T.I. F.) of the flux 
waves and not the voltage waves. The T. I. F. factor is the 
number of micro-amperes per volt flowing in a tuned network 
which is weighted so that the current will be a maximum at 1120 
eycles. Since the flux wave cannot appear at the terminals of the ~ 
motor, it cannot affect a telephone circuit, so that the T. I. F. of 
the flux wave is useless. Furthermore, the T. I. F. reading favors 
the seventeenth and the nineteenth harmonic in a 60-cycle 
wave while other harmonies have a reduced effect. Conse- 
quently the T. I. F. is only an indication of the relative value of a 


_few harmonies in the wave and not a measure of all of the har- 


monics. The discussion of the pole shape by Messrs. Douglas 
and Kane, as shown in their Figs. 3 and 4, is practically the same 
as that given in the paper. 


Self-Excited Synchronous Motors 
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Synopsis:—The theory and applications of self-excited syn- 
chronous motors have been repeatedly discussed in the literature, but 
the subject has been usually presented as a study of some special 
variety of this type. It now seems timely to give an outline of the 
general theory of the subject as a basis of comparison of the proposed 
types and a starting point for further development work. 

The study of a self-excited motor is mainly a study of its exciting 
system. The writer shows that any combination of the exciting 
circuits is equivalent to one comparatively simple type, and studies 
two problems in connection with this standard type; (1) determina- 
tion of performance of a given motor; (2) determination of design 
constants giving a desired performance. In this study stress is laid 
on the elements peculiar to this type of motor; but no attempt is made 


URING the last few years the increasing importance 

of a good power factor gave a fresh impetus to the 

study of the possibilities of synchronous motors. 
Naturally enough, the efforts of the inventors and 
manufacturers were directed primarily against the 
greatest drawback of synchronous motors—their poor 
starting characteristics; the result was the appearance 
of a number of “self-starting’’ synchronous motors of 
the Danielson type; these motors are structurally 
similar to the induction motors with phase-wound 
secondaries, and act as such during the starting period, 
but later are. converted into synchronous motors by 
supplying one phase (or a combination of phases) of 
the secondary with direct current. 

This type requires a separate source of excitation and 
is suitable only for large outputs; but it becomes in- 
creasingly evident that efforts are being made on many 
sides to extend the self-starting principle to the smaller 
sizes by making them self-excited. For this purpose 
the primary member carries in addition to the main 
a-c. winding a small d-c. type winding connected to a 
commutator; the secondary member carries a field 
winding and brushes bearing on the commutator and 
connected .to the field winding. At synchronism the 
magnetic field is at rest with respect to the brushes; a 
continuous e. m. f. appears at the brushes and supplies 
the excitation. As in the Danielson motor, the second- 
ary is of the polyphase type, with one or several phases 
used as the field winding. 

In connection with the non-salient pole motors the 
principle of self-excitation was found to possess remark- 
able advantages which go far towards compensating 
for the complication of the commutator and brushes: 

1. A synchronous motor develops a field of arma- 
ture reaction whose direction and magnitude are deter- 
mined by the load; since this field is stationary with 
respect to the secondary, 7. e., brushes, it.is possible to 
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to treat fully the elements which the self-excited motor has in common 
with other, better known, motor types. The current locus of the 
motor is found to be a circle, and it is shown that any circle in the 
plane can be obtained by a suitable choice of the exciting system. 

The subject of synchronising is treated by a method showing an 
intimate connection between the synchronising process and the 
synchronous operation. The discussion of synchronising can thus 
be limited to the standard type, because the equivalence of the syn- 
chronous operation means also the equivalence of the synchronising 
features. It is shown that very high torque can be obtained during 
synchronising. 

The theory is applied to a brief study of a few types of the self- 
excited motor. 


make use of it in order to obtain some desired relation 
between the voltage at the brushes and the load; 
usually an increase of excitation with the Joad. 

2. As the motor approaches synchronism, its in- 
duction motor torque approaches zero, and the final 
synchronization is accomplished by the synchronous 
torque. Ina separately excited motor the synchronous 
torque, considered as a function of the coupling angle, 
is approximately alternating, with the average value 
zero; in a well-designed self-excited motor the synchro- 
nous torque is pulsating, with the positive part far in 
excess of the negative part, 7. e., with a definite positive 
(motoring) average value; synchronizing becomes a 
very simple, entirely automatic process. 

It was only natural that the first motors built or 
theoretically investigated were of the simplest kind: 
a single axis field winding and a single set of brushes?; 
in the great majority of cases this arrangement is 
quite satisfactory; but it is not the only possible form; 
motors with several angularly displaced field windings 
and brush sets possess some valuable features not 
obtainable with the single axis field winding. The 
added complication is not very great because the self- 
starting feature requires in any case several angularly 
displaced secondary windings (phases). 

The self-excited motor is still in the first stages of 
development; as in the case of the single-phase com- 
mutator motor the experimental research is compli- 
cated by the great number of possible combinations of as 
yet unknown relative merit. The purpose of this 
paper is to systematize the subject by reducing this 
apparent variety to a few fundamental types, and to — 
develop for these types a method of theoretical investi- 
gation such as should always go hand in hand with the 

2. A brush set will always mean two diametrically opposite 
brushes in a bipolar motor, or their equivalent in a multipolar 
motor. The theory, of course, holds good with any angle A 
between the brushes of a set, because, with sinusoidal fields, the 
voltage across them is in a constant ratio with the voltage across 


two diametrically opposite brushes standing on the line perpen- 
dicular to the bisector of A. 
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practical work if the waste of haphazard experimenting 
is to be avoided. 

In the writer’s opinion the graphical method is best 
adapted to give an idea as to the possibilities and limita- 
tions of a new motor type; the study is made on the 
basis of the current locus, and all the performance 
elements are derived from it. The subject is treated 
with the usual assumption of sine wave voltages and 
currents, uniform air-gap, proportionality between the 
m.m. fs. and the fluxes, and the sinusoidal distribution 
of the latter. 

Since the polyphase feature of the secondary is of 
importance only at starting, a perfect symmetry is not 
essential; in the matter of distribution of copper be- 
tween the phases and the interconnection of windings 
the designer has a considerable freedom, which can be 
used to obtain a good wave of m. m. f. and a small loss 
in the field winding. The main a-c. winding, of any 
polyphase type, may be either interconnected with the 
d-c. winding or independent from it. As‘a rule, the 
advantages of interconnection are small in comparison 
with mechanical complications of bringing out a 
number of taps; in what follows the windings will be 
assumed independent and, for the sake of simplicity, 
the connection diagrams will show only the exciting 
circuits. 

At present the practise is to use the rotor as the pri- 
mary member, connected to the supply by slip rings; 
the d-c. winding and the commutator are then on the 
rotor; the field windings and the brushes are stationary; 
this arrangement is adopted in the figures of the paper. 
The inverted arrangement, however, has many points 
in its favor. 

The flux F; due to a field winding is proportional to 
the e. m. f. at the brushes connected to this winding; 
this e. m. f. is proportional to the component F’, of the 
total flux of the motor normal to the line of brushes; 
therefore, for each exciting circuit consisting of the 
d-c. armature winding, a set of brushes, and a field 
winding, there is a constant ratio between F; and F,. 
This ratio will be called “circuit constant; in a motor 
with several field windings and sets of brushes each 
exciting circuit has a circuit constant. The calculation 
of these constants for given electric and magnetic 
circuits is very simple, and will not be considered here. 

At synchronism the action of a field winding is 
fully determined by its circuit constant and the 
position of the brushes; but it must be remem- 
bered that in a self-starting motor the field winding is 
used as the secondary of an induction motor, and must 
be designed so as to give a safe open-circuit voltage at 
starting. It is found that even with high open-circuit 
voltages the proportions of the field winding are such 
that the d-c. exciting voltage is very low; the variable 
brush resistance causes a variation of the circuit con- 
stant, especially at light loads, when the voltage at the 
brushes islow. This may cause the observed perform- 
ance points to deviate from the positions indicated by 
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the theory. Another cause of discrepancy is that the 
brushes short-circuit coils moving in a magnetic field; 
the influence of the circulating currents cannot be 
determined by calculation. 

In the most general case the motor may have any 
number of field windings and brush sets, the angular 
spacing of windings and sets being entirely arbitrary; 
but the theory is greatly simplified by the following 
remarks based on the assumptions stated above: 

1. Two field windings connected to the same brush 
set are obviously equivalent to a single winding connected 
to this brush set. 

2. Any number of coaxial field windings 1, 2, etc., 
Fig. 1, connected to different brush sets 8, 4, etc., are 
equivalent to a single winding of the same axis connected 
to a suitably located brush set. This will be proved for 
two coaxial windings, but the demonstration is quite 
general. Let F' be the total flux of the motor, a, B, 
6 = angles counted from a fixed axis OX, and a, b, the 
circuit constants of the windings 1 and 2; the fluxes due 
to 2 and 1 are then a F sin (6 —q@) and b F sin (6— 8). 
The constant c of the equivalent circuit and the angle y 
between OX and its brush line must satisfy the equa- 


Fig. 1 


tion: aF sin (6—a)+0F sin (6— 6) =cFsin 
(6— vy) for all values of F and 6; this equation has 
always a_ solution: = J/v’+0? + 2abcos(a— 8); 
tan y = (a sin a+ bsin B) + (acosa + bcos £). 

3. An exciting system consisting of any number of 
angularly displaced field windings and brush sets is 
equivalent to two field windings acting along arbitrarily 
selected axes and connected to two suitably located brush 
sets. For, by paragraph 1, each field winding can be 
resolved into two windings acting along two arbitrary 
axes and connected to the original brush set; and 
by the paragraph 2 each of these two sets of coaxial 
windings is equivalent to a single winding connected to 
a suitably located brush set. 

The choice of the axes being arbitrary, it is possible 
to further simplify the problem without restricting its 
generality by taking a set of rectangular field axes. 

To sum up: The most general exciting system is equiv- 
alent to two field windings displaced 90 electrical degrees 
and connected to two angularly displaced brush sets.* 

3. It can also be shown that it is equivalent to two arbi- 


trarily spaced brush sets connected to two sie’) proportioned 
and located field windings. 
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This system will be studied in the paper. The equiva- 
lence of the synchronous performance means the equiva- 
lence of the synchronizing features, as will be shown 
below. 

The fundamental nikeranee between a motor with a 
single set of brushes or its equivalent (paragraph 2) and 
the general case is the fact that in the former the axis 
of the d-c. excitation remains fixed with respect to the 
brushes, while in the latter the resultant axis of the 
d-c. excitation moves relatively to the brushes. In 
what follows, these two classes of motors will be denoted 

s “fixed axis’ and “variable axis’ motors. 

Fig. 2 shows the general form of the exciting system. 
It is determined by four arbitrary constants: two 
circuit constants of the field windings 1 and 2 and two 
constants determining the positions of the brush sets. 
Since it is impossible to tell beforehand what values of 
these constants are of practical importance, no restric- 
tion will be made in this respect. The geometrical 
figures are apt to be misleading in such a case, and it is 
necessary to adopt a convention of signs for the fluxes 
and the angles. Positive directions are assumed for all 
axes, and a component of a flux along an axis is always 


Fig. 2 


taken with a sign. The positive directions of the field 
axes O U, O V, marked by the arrows, are denoted by 
U,V. The positive direction of angles and the rotation 
of the primary relative to the secondary are assumed 
counterclockwise. The angle between any two vectors 
A and B (or between the positive directions of two 
directed axes) is denoted by (A, B) or.simply (A, B); 
it is positive or negative according as a rotation which 
makes A parallel to and of the same direction as B is 
in the positive or negative direction of angles; thus, 


9° 
A and M of a system of vectors A, B, C,....L, M, is 
given by the well-known relation (A, M) = (A, B) + 
(B,C) +.... + (L,M). 

The pean of the brushes is determined as follow: 
let A and B be arbitrarily selected positive directions 
of the axes of the brush sets (axes perpendicular to the 
lines of brushes); the connections between the field 
windings and the brushes will be assumed such that, 
when the positive directions of the axes of a brush set 


U2) The angle between any two vectors 
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and of the winding coincide, the action is as in a true 
self-excited motor, 7. €., an originally existing flux along 
the axis is then increased by the exciting current. With 
this convention the fluxes F'; and F’,, whose ratio is the 
circuit constant have always the same sign, 7. e., the 
circuit constant is always positive. The position of 
the brushes is now fully determined by the angles 
a = (U,A) and B = (V, B). 

Let F' be the vector and F = the numerical value of 
the flux of the a-c. armature reaction stationary with 
respect to the secondary; let w be the angle (U, F); 
the components F,, and F, of F along O U and O V are 
F, = F cos (U, F) = F cos w, and F, = F cos (V, F) 
= F cos [(V, 0) + (0, F)) =F sin w. If F; and F; 
are fluxes set up by the windings 1 and 2, then the total 
fluxes along OU and OV are F, + F,; and F, + F. 
(neglecting the small flux due to the currents in the 
d-c. armature winding), and the total flux along the 
brush axis OA is. (fF, + F:) cos (U, A) + (Fy + F2) 
cos (V, A) = (F. + F:) cosa + (F, + F2) sin a. Sim- 
ilarly, the total flux along O B is (F,, + Fx) cos (U, B) + 
(F, + F.) cos (V, B) = —(F, + Fi) sin B + (F, + F2) 
cos 6. Let a and 6b be the circuit constants of the 
windings 1 and 2; their definition gives the equations: 
F,=a((h%, + Fi) cosa + (F, + F2) sina] and F, = 


b[—(F.+F,) sn 6+ (F,4+ F2) cos B]. These 
equations, solved for F, and F2, give: Fy = mF, + 
nmF,; F. = m.F,— n.F,, where 
*“acosa—abcos(a— £) 
m1 = “1—a cos a—b cos B+a b cos (a— B) 
bcos B—abcos(a— £) 
ma, = “1-4 cos a—} cos B+a b cos (a— B) 
; Pay) 

asin a 
m = “1a cos a—b cos B+a b cos (a— B) 

bsin B 
Ne = 


1—acosa— bcos 8 + abcos(a— 8) 


Substitution of the expressions of F,, and F, found 
before gives 


F, =F (mcosw + %7sin w) 
(2) 
dee F (mz Sin & — Nz COS w) 

Let r and x be the primary resistance and leakage 
reactance per phase, and X = armature reactance 
corresponding to the flux F. Fig. 3 is the vector 
diagram of the motor. O X, and O Y, are rectangular 
axes, OI’ is the current I’ per phase, OA’ = rT’, 
A’ B’=xI', B'C’' = counter — e. m. f. X I’ due to 
the flux F, C’ M’ =e. m. f. E, due to the flux Fi, 
M’ N' =e.m.f. EH, due to F2; C’ N’ is the resultant 
counter — e.m. f. H, and N’O is the applied voltage. 
The e. m. f.s. H, and HE, are functions of w; for a given 
w their vectors C’ M’ and M’ N’ are found as follows: 
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it is seen in Fig. 2 that, with the adopted counter- 
clockwise rotation of the primary, a positive flux along 
O U sets up an e. m. f. whose vector makes with the 
vector B’ C’ an angle w, laid off from B’ C’ with due 
regard to the sign of w; if the flux along O U is negative, 
the vector obtained by this rule should be reversed. 
Hence the general rule; the numerical expression of an 
e. m. f. due to a flux along O U in Fig. 2 is given the 
same sign as the flux; its vector in Fig. 8 is then 
obtained by laying off the algebraic value of the 
e. m. f. along a directed axis whose positive direction L 
is defined by the relation (X’, L) = w. The rule for 
e. m. fs. due to the fluxes along O V is similar, the 
positive direction T of vectors being defined by (X’, 7) 


Since the armature reaction flux F' sets up an e. m. f. 
numerically equal to X I’, the algebraic values EH, and 
E, of the e. m. fs. set up by F’; and F» (eq. 2) are 


BrGaio 


E, = X I’ (m, cos w + m, sin w) 
(3) 
E, = X I’ (m2 sin w — Ne COS w) 

If I’ is kept constant, the point N’ describes the locus 
of the applied voltage at constant current. Let C’ X’ 
and C’ Y’ be a set of coordinate axes with positive 
directions X’ and Y’ parallel to X, and Y;; the pro- 
jections of the vectors EZ, and #, on C’ X’ are E, cos 
(X’, L) = E, cos w and E, cos (X’,T) = Ez sin w. 
Their projections on C’Y’ are E,cos(Y’,L) = 
E, sin w, and E, cos (Y’, T) = —E,.cos w; therefore, 
the coordinates x’ and y’ of the point N’ are 

| w 
y’ = E, sin w — EF, cos w 


z’ = E, cos w + Hy sin w 
From these two equations #’, and EF, can be obtained 
and substituted in eq. (3); this gives: 
xz’ cosw + y’sin w = X I’ (m, cos w + n sin w) 
xz’ sinw— y’cosw = XI’ (mosin w — N2 COS w) 
The elimination of w between these equations gives 
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y’— XI’ eo’ —m XI’ 
=O 
e’—-mXI’ —-y’+n,XI' 
which can be written: 
(a0! = e's) (Y' — Ye’ P= (5) 
with 
xt p. Ge) is 
te! = q(t M2) Yo’ = GQ (1 + Ma), 
pre “222 eee See 
Ras 2 V/ (mi — Me)? + (M1 — Ne)? (6) 


This shows that the locus of the point N’ is a circle 1 
of center (x,’, y-’) and radius R. Therefore, the cur- 
rent locus at constant voltage E is another circle 2 of 
center Oy, obtained from circle 1 by inversion with O 
as center and EF, I’ as constant of inversion, followed by 
a rotation over 180 deg. around O I’. 


In what follows the corresponding points in the 
constant current (c.c¢.) and constant voltage (c. v.) 
diagrams will be denoted by the same capitals with 
and without accent, respectively. The same conven- 
tion will be applied to the applied voltage FE, current I 
and e. m. fs. H, H,, and EF, at the corresponding points. 
of the two diagrams, so that 


pn ee Ph ey, 
= x EY i x Ey eUc. 
-PART 1. DETERMINATION OF PERFORMANCE OF A 


MOTOR OF GIVEN CONSTANTS 


The constants of a motor are 7, x, X, a, b, a, B. 
Instead of the last four it is convenient to use ™, Mo, 
M1, N., because they have an important geometrical 
meaning: the points Q,’ of coordinates X I’ m, and 
X I’ n,, and Q,’ of coordinates X I’m; and X I’ nz are 
diametrically opposite points on the circle 1, as can be 
proved by the substitution in the eq. (5), and by ob- 
serving that x,’ and y,’ are coordinates of the middle 
point of the segment Q,’ Q2’. 

Construction of the current locus. Torque. The 
current locus 2.can be drawn as follows: let pI’ and 
q I’ be coordinates (with reference to C’ X’ and C’ Y’) 
of any point N’ of the c.c. diagram: the coordinates. 
with .respect to O X, and O Y,; are (p +24 X) I’ 
and (q—r) I’; the applied voltage N’O is. 
I’/(p+«+X)? + (q— 71)? and the corresponding 
point N of the locus at the applied voltage Hy) can be: 
found by observing that the current vector OWN is. 


equal to eR tak, eT a ea Eoe 
WOU): = og nce Denar eof) 

symmetrical to O N’ with respect to O X,, 7. e., it makes. 
G7, 

| Dig Taek 


By this rule the two points Q; and Q. corresponding to. 


and _ is. 


with O X, an angle 6 such that tan 6 = 
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Q,’ and Q.’ can be obtained. Moreover, the ine OO, 
makes with O X; an angle 7 such that 


Yo — FE" ee lays a 


ee Pe NT he x ta, Lin) oe 


the center O, is the intersection of O O, with the per- °* 


pendicular bisector of Q: Qs. 

The circle diagram shows clearly the difference be- 
tween the motors with fixed and variable axes of ex- 
citation. In the former b = O, so that m. = n, = O, 
2. é., the circle 1 passes through the fixed point C’, in- 
dependent of the exciting system. The current locus 
2, therefore, always passes through the fixed point C; 
theoretically C is the no-load point of the induction 
motor having the same r, x and X. The motor with a 
variable axis of excitation is free from this limitation; 
in fact, as will be shown, any circle in the plane can be 
obtained by a suitable choice of constants. 

At D’ and K’ the torque is zero because the resultant 
e. m. f., H = C’ N’, is normal to the current O I’; in the 
c.v. diagram the points of zero torque are D and K, 
on the inverse of the line O X’, 7. e., on a circle 3 of 


E 
radius Be tangent to OX, at O and having its 


center on O I’. 

It is known that in the c. v. plane the loci of points of 
constant power transferred from the primary to the 
secondary are circles concentric with the circle 3 which 
corresponds to zero torque; the radius of the circle 
corresponding to the torque of P synchronous watts is 


These circles are convenient for comparison of poly- 
- phase motors having the same r, whether synchron- 
ous or induction type, because they represent the 
torque regardless of the type of the rotor. 
at any point N is proportional to the distance N H 
from the line D K. These theorems’are well known; 
their proof can be found in the article 2 of the 
bibliography. 

The torque comprises the friction torque and the 
torque exerted by the field on the d-c. winding; the 
latter, expressed in synchronous watts, is the power 
consumed in the exciting circuits. 

The circle 1 intersects C’ X’ only if R>|y.|, 4. @., 
if (acosa— bcos 6)? >4absinasin 8. This con- 
dition is always satisfied in motors with a fixed axis 
of excitation (6 = O); but motors with a variable axis 
can be designed so that R < | Y.| as will be shown; 
such a motor has not only a maximum torque, but also 
a minimum torque, below which the synchronous 
operation is not possible. 

Analytical expression of the torque. Maximum torque. 
Let 6 = (L, N’O) = (L, Ey’) be the angle between the 
vector N’ O = E, of the applied voltage and L, which 
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may be considered as a directed axis attached to the 
secondary member; then 


(TE) = (2,1) + (L, Bo’) = — + 6; 
(LD) = @,2)+@,D = - > +4; 
G7) =-@,0D+67) = 0-7. 


Projecting the closed line 0 A’ B’C’ M’N’O on the 
directions L and T it is found with the aid of the fore- 
going relations: 

On L:—rI sin w+(2+X) I cos w+ E, = —E) cos 0 
On T:r I cos o+(e+X)Isinw+H, =. Eysin é 
With E, and EF, from eq. (3) these equations, solved for 

Isin wand I cos w, give: 


Isin w = E, (A cos 6 + Bsin 6) 


(7) 
I cos w = Ey (A’ cos 0 + B’ sin @) 
where 
XN—?7 e+X+X m, 
A Co a C F) B a G 7 
‘ et+X+X me ; Xm—T7 
BET CV Sone Baia C 


and C = (X m—7) (X m—7r) + (a#+X + X m) 
(e+ X + Xm). 


The torque per phase in synchronous watts (consider- 
ing a motoring torque as positive) is — I’E, cos (I’ L) 
— IE, cos 1’ ,T) =—IE sin wo + I E,cos w. The 
negative torque acting on the d-c. winding is the power 
consumed in both exciting circuits; it can be repre- 
sented by ki H? + k, EH.’ (ki and k. = constants re- 
ferred to one phase, whose numerical values can 
easily be calculated from the electrical and magnetic 
data of the motor). This assumption disregards the 
fact of the superposition of the two exciting currents 
in the d-c..winding; but the loss in it is relatively very 
small. The torque per phase JT exerted on the shaft is 
T =— TE, sin wo + I HE, cos On k, EY? = k, E.2. 
The substitution of EH, and E, from eq. (3) gives: 
T = -XI°(fsin? w + gcos? w + h sin & cos w), 
with f = nN, +k,xXn? + ke X m2 $9 = M+ ke X Ne", 
+ k,X m2, andh = m— m+ 2k, X mn — 2k. X 
M:N, With Isin w and IJ cos w from eq. (7) this 
becomes T = — X E,? (psin? 6 + qceos? 6 + tsin 0 
cos 0), wherep = fB?+gB"°+hBB' 3 q=fAr-+yg 
A? +hAA'sandt=2fAB+2gA’B'’+hABH+ 
BA’). Finally, letanangle 0, be defined by therelations 


Dad t 


sin 2 6) =—=——— and _ cos 2 69) = . 
: WAC del Dita Vv (p—gP +P 
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then T = 


xX DE i AD, 
— Bs [ +0 + VO—O +P x sin 2 (0-64) | 


(8)* 
The extreme values of the torque are 
ov ie ee 
Tae a Cl ae ak Ne rea, 
E. m. fs. E, E, and E'3 in the Circle Diagram. E,and 
E, determine the loss in the field windings. Fig. 4 


reproduces some essential parts of Fig. 8. The points 
Q,’ and Q,’ have for coordinates (X I’ m,, X I’ m1) and 
(X I’ mo, X I’ nz). On the basis of eq. (3) it can easily 
be seen that when w varies the ends of the vectors 
E,’ and £,.’ drawn from C’ move on the circles 4 and 5 
described on C’ Q,’ and C’ Q.’ as diameters, and that 
these diameters pass through the common points 
P,’ and P,’ of the circles l and 5, and 1 4nd 4. Fora 
given point M’ on 4 the vectors H,’ and E,’ are C’ M’ 
and M’ N’ respectively; if N’ moves on the circle 1, 
the angles of the triangle P,’ M’ N’ remain constant 
because two of them are subtended by constant arcs 
Q,’ P,'; therefore, there is a constant ratio between the 
segment P,’ N’ and the vector M’N’ of E.. Let 
N, P; and P, be the corresponding points in the c. v. 
diagram. By the well-known property of the inverse 
points 


inversion const. 


P,N = P,’N'X EP SN Ole 


Ey I’ 


= PP,’ N’ X OP,’ x N*O . 


*Starting from this formula the performance can be deter- 
mined entirely by calculation: it gives @ for a definite output; 
equations (7) give J and w; the e. m. fs. #, and Ee result from 
eq. (3); the power factor cos ¢ is given by the relation (I’, N’ 0) 


= (7’, X') + (X’, L) + (£,N’ 0) = — = +q@ + 6, hence 


cos ~ = sin (W + 8). 
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But P,’ is a fixed point, so that O P,’ = I’ X constant, 
where the constant depends only on the constants of the 
motor; as shown above P,’ N’ is proportional to the 
e. m. f. H,’ at voltage Ey)’, and N’O = E,’ ; therefore, 


: ; By! X Ey I’ é 
- P, N is proportional to —=>——;, = proportional to 
TP ce 
Ky : 
Ean ;- = proportional to E.. By the same 


0 


reasoning, the segment P,N is proportional to the 
e.m. f. E;. The coefficients of proportionality can be 
found as follows: the segment C’ N’ represents the 
resultant e. m. f. E’ of H,’ and #’ ; but 

HI’ 


Pei he ts MIRON Sane 


E, I’ 
I’ J r+ (#+X)? X Ey’ 


CIN GE 


eee 

Vey AER a ey. OY 

2. e., C N represents the resultant e. m.f. HZ. When the 
point N coincides with P», the e. m. f. H, vanishes; 
CP. and P; P, represent then the same e. m. f. Ei; 
therefore, for every point N, 


Pupeies ail (ieee) oes 


Hy= PN xX 
similarly, 

Cl ee 

E,=P:NX pp VU +@t+X). 


The expression H = CN V/ 7? + (& +X)? shows that 
for given r, x and X the total e. m. f. due to the field 


Fia. 5 


windings is constant at a given point N, regardless of 
the locus to which N may belong. This remark should 
be borne in mind when choosing the working region of 
the plane for a new motor. It may also be noted that 


Ey 
Vr+t (e+ xX)? ’ 


applied voltage H, at the same scale as C N represents 
the resultant e. m. f. EL. 


OC ».= 1.@, OC represents the 
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Stability. When the load increases the rotor falls 
back, 7. e., the angle 9 increases. In general, the opera- 
tion can be stable only on the part of the circle where an 
increase of @ corresponds to an increase of the torque. 
The eq. (3) and (4) give, after elimination of H, and E, 
and a few simple transformations: CS p= 
R cos (2 w— €) and y’— y, = Rsin (2 w — e), where 
eisa constant; Rand 2 w — e can be considered as the 
polar coordinates of the circle 1 with its center as origin 
and 2 w — eas the polar angle. This shows that when 
the point N’ moves on the circle 1 in a definite direc- 
tion, the sense of the variation of 2 w — e (therefore, 
of w) remains the same. 

Since the coordinates of C’ relative to O X, and O Y, 
are (x + X) I’ and — rl’, the expressions of A, B, A’ 
and B’ in eq. (7) show that their nominators are pro- 
portional to the coordinates of Q,’ and Q,.’ relative to 
OX, and OY,. Leta, 61, and do, bo, denote these 
coordinates; equations (7) give. by division 


b. cos 6 — a, sin 8 
a, cos 6 + bi sin 0 


tan w = , 


hence, after some transformations, 
dw (1 Ae _ b, bs) cos? w 


d@  — (a,cos6 + b;s8in 6)? 


But a; a2 + 6; by is the scalar product of OQ,’ and 
OQ.’ and has the sign of cos Z Q:’OQ,.’ which is 
positive or negative according as the point O is outside 
or inside of the circle 1, because Q,’ Q.’ is a diameter. 
Therefore, when N’ moves on the circle 1 in the clock- 
wise direction (decreasing w), 6 increases if O is outside 
. of the circle, and decreases if O is inside. The locus 2 is 
obtained from 1 by an inversion and a rotation over 
180 deg. around O Y, ; if O is outside of 1, each opera- 
tion reverses the rotation of N once; if O is inside of 1, 
only the last operation reverses the rotation. As O is 
either inside of both circles 1 and 2, or outside of both, 


it follows that the clockwise motion of N on the locus 2 ° 


always corresponds to an increase of @: the stable 
operation corresponds to that part of the current locus on 
which the point of maximum torque is reached from the 
point of zero torque by a motion in the clockwise direction. 


PART 2. DETERMINATION OF THE EXCITING SYSTEM 
FOR A GIVEN CURRENT LOCUS 

The constants r, x and X will be assumed as known. 
Let a circle, such as 2 in Fig. 3, be a locus, presumably 
within the capacity of the motor; it is desired to check 
this assumption by determining the exciting astern 
and the excitation losses. 

Since a circle is an inverse figure of itself, it is con- 
venient to take for the constant current locus 1 a circle 
symmetrical of 2 relative to O X;. The value of the 
constant current I’ is obtained from the fundamental 
relation of the inverse points, by drawing any con- 
venient secant. The points A’, B’ and C’ can now be 
located as in Fig. 38. Let Q:’Q2’ be an arbitrary 
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diameter; it follows from what was found in Part I 
that, if the coordinates (with respect to C’ X’ and 
C’Y’) of the points Q,’ and Q,’ be divided by B’ C’ = 
X I’, and the quotients substituted for m1, m2, n, and Nn» 
in eq. (1) the numbers a, 6, a and 8 in these equations 
are the constants giving the locus 2. The solutions of 
these equations are 


Wes Vn? + (m+ G)? 
S ? 
é N+ 
sina = ; 
Vf 03" + (Mm, + G)? 
m +G 
cos a2 = —— SSS 
V ny + (m, + G)? 
(9) - 
heals V/ ne + (Mm, + G)? 
Ss , 
4 Ne 
CH os agp 
V Ne? + (M2 + G)? 
Rec ok Caled 
COshGs= = a 


v/ Ne? + (M2 + G)? 


where S = 1+ mi + mz + mM, M2 + Ny; N93 G= 
M,M: + 1%, and the radicals are taken with the 
signs giving positive values for a and b. The roots are 
always real; therefore, theoretically, there always 
exists an exciting system giving any desired locus in the 
plane. In fact, the problem has:an infinity of solutions 
because the diameter Q,’ Q.’ is arbitrary. The study 
of the constants a, b, a, 8, corresponding to different 
diameters is facilitated by the following remarks: 
(1) since Q,’ Q.’ is a diameter, S and G are independent 
from the choice of Q,’ Q2’ because they are proportional 
to the scalar products B’Q,’ x B’Q.’ and C’Q,’ X 
C’ Q,’ respectively; (2) the radicals in (9) are propor- 
tional to the distances of Q,’ and Q,.’ from a fixed point 
on the axis C’ X’ whose abscissa (with respect to C’) 
is e’ = — XI’ X G; the coefficient of proportionality 
X I’ is the same as for Gand S. For instance, in the 
case when the circle 1 passes through C’ (7. e., G = QO), 
let Q.’ coincide with C’; this gives mz = n. = O, 
b = O; the motor has a fixed axis of excitation and a 
single field winding; if Q,’ and Q,’ are different from C’, 
the condition G = mj, m2 + 21 M2 = O gives cos (a— f) 


= 0,a— B=-—3— , 1. e., the brush sets coincide and are 
equivalent to a single set; the motor has two field wind- 
ings connected to the same brush set and is equivalent 
to the first case. 

Synchronising. When a motor, carrying a reason- 
able load as an induction motor, comes up to speed, 
the slip of the rotor is low and the conditions are similar 
to the synchronous performance with the rotor gradu- 
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ally falling back under the influence of the load. The 
torque is the sum of the induction torque and the syn- 
chronous torque, the latter passing through a se- 
quence of values corresponding to a complete cycle of 
synchronous performance represented by the current 
locus. In a separately excited motor the torque is 
nearly alternating, with a small negative average 
value; in a self-excited motor, however, the choice of 
the locus is arbitrary; if the exciting system is such as to 
give a circle similar to Figs. 9 or 11, entirely or for the 
most part inside of the circle 8, 7. e., in the region of 
positive (motoring) torques, the torque during the 
synchronising process either remains positive, or is 
mostly positive, with a small negative interval of short 
‘ duration. Analytically, the synchronizing torque is 
expressed by eq. (8). 

A commercial synchronous motor must have a syn- 
chronous no-load point, 7. e., the circles 2 and 3 must 
have common points; the pulsations of the current 
and of the torque are inavoidable during the syn- 
chronising process, whether the axis of excitation is 
fixed or variable; but in the latter case it is possible to 
adjust the constants (for instance, the position of 
brushes) temporarily so as to throw the locus toward 
the center of the circle 3 in the region of the high- 
torque points of the plane, and out of contact 
with 3; and to reduce’ its diameter; in this way 
the synchronising torque may be considerably in- 


creased and the pulsations reduced until the motor 


reaches synchronism, when, with a little care, the 
change back can be accomplished without causing an 
undue shock to the system. 


Part III. 


It is intended here to pass rapidly in review some of 
the types of the self-excited motor and to show that, 
with the aid of the diagrams and formulas of the 
paper, an idea as to the possibilities and limitations of a 
type can often be obtained without any extensive 
calculations. This study is facilitated by observing 
that, since the angle of two curves remains unchanged 
by the inversion, the angle y between the circles 2 
and 3 is the same as between the circle 1 and the line 


Ye 
ee eq. (6). 


EXAMPLES 


A’ X'; it is‘given by cos y = 


tbs Fixed Axis of Excitation. . In all motors of this 
class it can be assumed that 6 = O, mz; = nm: = O, so 


Ny ‘ ‘ T 
— = = sin a2. e., Y = DO: 
Vm? + ni? Nir 

All fixed axis motors pass through a fixed point C, the 


no-load point of the induction motor having the same 7, 
xand X. 


Example 1. 


that cosy = 


Brushes on neutral axis, Figs. 6 and 7. 


In this case a = O, y = the circle 2 is normal to 


ee 
2 , 
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the circle 3. For comparison. let 2’ be the locus of an 
induction motor of the same constants r, x and X; 
2’isalso normal to the circle 3 (see, for instance, 
JOURNAL, A. I. E. E., April 1921, p. 326): -If both 
motors have the same maximum torque, 2 and 2’ are 
tangent to the same constant torque circle 3’ and, if the 
synchronous motor is designed for leading power factor, 
as shown, the excitation must be so strong that its no- 
load current O D is of the same order of magnitude as 
the locked .current of the induction motor. More- 


Fic. 6 Fie. 7 

over, the synchronous torque which is proportional to 
the distances of the points of the circle to the line 
K-D is very nearly alternating, so that the synchronising 
characteristics are very poor. 

Example 2. Brushes on the axis of the feldwindine) 
Figs. 8 and 9. Here y = O; the circles 2 and 3 are 
tangent. The torque is always positive (motoring); 
the synchronising features are excellent, but the motor _ 


Fic. 8 


Fig. 9 


is very sensitive to the brush position, and the power 
factor at light loads is not as good as can be expected in 
a synchronous motor. 

The correct setting of the brushes is as in Fig. 10, 
intermediate between Figs. 6 and 8, but nearer to the 
latter than to the former. The locus is then as in Fig. 11. 

2. Variable Axis of Excitation. Example 3: One 
might be tempted to improve the starting character- 
istics and to simplify the construction by using two 
identical exciting circuits displaced 90 deg. against one 
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another; but in this case a = 6, a = B; hence, 
Mm, = ™., % = Ns, therefore R = O eq. (6): the 
circles 1 and 2 collapse each into a point; the syn- 
chronous performance is simply the synchronous 
point of a more general, variable speed performance 
of the motor. 

Example 4. Fig. 12. The windings are connected 
to the brushes so that a = O, B = 7; 1 is the exciting 
winding proper, while 2 opposes the transverse arma- 


Fig. 10 


ture reaction. Equations (1) give n; = n. = O, there- 
fore, cos y = O, y = 7/2; the locus 2 is normal to the 
circle of zero power 3, as in the example 1, Figs. 6 and 7, 
but is not restricted to pass through C; the synchro- 
nising torque is alternating, therefore, the synchronising 
. characteristics are poor. 

Example 5. Fig. 13. Both windings act along the 
lines of brushes, a = 8 = 7/2; if the windings are 


Fig. 13 


[iaiceky 112) 


indentical, the locus is a point, as explained above; 


if ais not equal to b, the locus is a circle, but, since - 


the condition (a cos a— bcos B)? > 4a4bsnasin B 


cannot be satisfied, this circle has no common points 


with the circle 3: the motor has no synchronous 
zero torque points. 
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Discussion 


H. Weichsel: The self-excited synchronous motor has, 
during the last few years, forged its way rapidly to the front and 
promises to take a very important part in the lay-outs and de- 
signs of future power plants, distribution systems and consumers’ 
plants. 

Mr. Kostko’s paper on this type of machine is, therefore, to 
be welcomed, as it deals with the general theory governing the 
different machines which belong to this general class of self- 
excited synchronous motors. 

Mr. Kostko has, in an admirable manner, gone to remarkable 
details‘in deriving the general locus for the current vector of 
these machines and in doing so has made full use of the principle 
of inversion, which is an extremely useful mathematical tool 
when it is desired to derive the current locus of an electric ma- 
chine which is connected to a supply of constant potential. 
It is to be regretted that this method is not more generally known 
and used, and, therefore, it is to be hoped that Mr. Kostko’s 
elegant application of this principle will help to stimulate the 
general interest in this method of attack for deriving the current 
locus of electric machines. 

Personally, I have been, for a great number of years, anardent 
advoeator of graphical methods for the solution of a-c. electrical 
phenomena and, therefore, welcome heartily Mr. Kostko’s 
method of deriving circle diagrams for this type of machine. 

Experience has shown that the circle diagram of a simple 
induction motor has contributed more than any other factor 
to the full understanding of the performance and the interaction 
of the different phenomena which take place in this type of 
machine. The graphical methods readily give an answer to the 
behavior of the machine under most any imaginable operating 
condition. ; 

The induction-motor circle diagram has also largely contrib- 
uted to the high state of development of the present induction 
motor. The economic savings which have resulted from the 
general application of the induction-motor circle diagram must be 


’ enormous and no doubt run into millions of dollars. 


There are two kinds of circle diagrams for the induction motor; 
namely, the so-called Heyland or Behrend diagram and the 
Osanna diagram. 

The first-mentioned diagram neglects in the derivation of the 
current locus the influence of the ohmie resistance. The second- 
mentioned diagram considers the ohmic resistance and, is, there- 
fore, of particular interest from the theoretical point of view. 

The mathematical derivation of the first-mentioned diagram 
is extremely simple. The contrary is true for the Osanna dia- 
gram. Also, the actual construction and application of the 
Hyland diagram is the simplest possible, while this cannot be 
said for the Osanna diagram. The additional accuracy obtain- 
able by the use of the more complicated Osanna circle over the 
extremely simple Heyland circle is small and often even of doubt- 
ful value. For this reason, the Heyland circle has found a very 
wide field of application, while the Osanna circle is used only for 
special cases. 

Another reason for the general preference of the Heyland 
cirele will be found in the fact that both diagrams are based on 
certain assumptions, such as constant leakage reactance and 
proportionality between magnetic lines and ampere-turns. 
It is a well established fact that the assumptions are not com- 
pletely fulfilled in practical machines. Why, therefore, go into 
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the complication of considering the influence of the ohmie re- 
sistance, which, in the majority of cases, produces a very much 
smaller effect on the current locus than the variable leakage and 
saturation which is found in nearly every actual machine. The 
great popularity of the extremely simple Heyland diagram is, 
therefore, entirely justified. specially if we consider that by a 
very slight addition to the Heyland diagram, it is possible to 
obtain the exact theoretical performance with due consideration 
of the resistance. ‘ 

Similar conditions exist in self-excited synchronous motors. 
The influence of the leakage reactance and especially ohmic 
drop on the eurrent locus is small. 

In actual machines, neither the assumption that proportional- 
ity exists between magnetic lines and ampere-turns nor the as- 
sumption that. the reactance is constant is fulfilled. 

In addition to this, there exists a magnetizing effect due to the 
currents under the brushes which cannot be readily considered in 
a diagram. The details of this canbe seen in the paper I pre- 
sented before the Midwinter Convention of the A. I. EH. E., 1925.” 

The great complications introduced in the derivations of the 
circle diagram due to the influence of ohmie resistance, as well as 
the complications produced thereby in the construction and 
application of these diagrams may quite possibly prove them- 
selves to be so large in comparison with the available increased 
accuracy, that the exact diagram will find only a relatively small 
field of practical application, but it will always be considered as 
a very important feature from the strictly theoretical point of 
view. At least, this would be in agreement with the experience 
of the Osanna circle diagram for induction motors. 

On the other hand, a circle diagram for self-excited synchro- 
nous motors which neglects such minor effects as ohmic resistance 
promises to find a wide field of practical application on account 
of the extreme simplicity of its derivation and construction. 
Its simplicity, similar to the Heyland diagram, makes it further 
extraordinarily easy to understand at a glance the influence of the 
main factors which enter in the design and operation of these 
motors. 

Furthermore, similar to the Heyland diagram, it is possible to 
derive from this simple diagram by relatively simple means the 
performance even under cases where it is desired to con- 
sider the factors which have been neglected in the derivation of 
the diagram. 
in practical design work, such a simplified cirele diagram. Its 
derivation is based on the fact that the resultant field in any a-e. 
motor must be constant when constant voltage is impressed on 
its terminals and the influence of the ohmic resistance and 
reactance is negligible. With this assumption as a basis, it 
requires about two lines of mathematical formulas to derive 
the current locus. 

Fig. 1, herewith, shows a current locus derived in such a man- 
ner for a machine connected in accordance with Fig. 8 of Mr. 
Kostko’s paper. In this particular case, the ordinates of the 
circle are positive for all load conditions. Therefore, the very 
interesting result can immediately be seen from this diagram that 
a machine connected as per Fig. 8 is unable to operate as a syn- 
chronous generator as long as the field and armature are in the 
motoring connection and the direction of rotation for generating 
and motoring is assumed to be alike. 

Many other extremely interesting conclusions.can quickly be 
drawn from such simplified diagrams. For instance, by con- 
structing the diagram for different angles between brush axis 
and field axis, it will be seen at a glance that under idle running 
conditions the voltage across brushes is not zero when the brush 
axis coincides with the field axis and does not reverse when the 
brush axis is displaced in either direction from the field axis, but 
follows a law given in full lines in the Fig. 2 herewith and does not 
follow the dotted lines, as one is inclined to expect. This 


2. ANew A-C. General-Purpose Motor, H. Weichsel, Trans. A.I.E.E., 
1925, p. 7. 
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simplified method of attack lends itself equally well to any 
kind of self-excited synchronous motor. A further discussion 
of the details of the general principle and application involved 
in these simplified diagrams would lead too far on this occasion, 

There are a few statements in Mr. Kostko’s paper which might 
lead a casual reader to wrong conclusions and a few words 
to prevent such pitfalls may be appropriate. 

Mr. Kostko states that any number of coaxial field windings 
connected to different brush sets are equivalent to a single wind- 
ing of the same axis connected to a suitably located brush set. 
This statement might lead to the conclusion that equal perform- 
ance could be obtained by a machine with one field’ winding and 
one set of brushes and a machine of equal dimensions but possess- 
ing two field windings and two sets of brushes. However, a 
number of electrical, as well as mechanical reasons, exist, which 
make this impossible and invariably result in a materially poorer 
performance for the machine with two brush and field sets. 

Mr. Kostko’s statement regarding the synchronizing torque 
may leave the impression that the torque existing during the 
synchronizing period is in every respect equal to the torque 
of the machine at synchronous operation. This, however, is 
not the ease under all conditions, but is true just at the theoretical 
dividing point between synchronism and slip. At speeds below 
synchronism, the voltage induced in the secondary windings due 
to the speed between resultant motor field and secondary wind- 
ing produces an additional induction-motor torque, as shown in 
my paper mentioned before. 

There is another very interesting feature which might be 
mentioned in this connection: If the load on a self-excited 
synchronous motor is suddenly increased, the motor can momen- 
tarily develop more than its so-called maximum synchronous 
torque, because a sudden load causes the resultant magnetic 
field of the motor to fall back suddenly and the velocity of the 
falling-back magnetic field produces, by induction, an e. m. f. 
on the field winding which strengthens the excitation until the 
field has assumed its final position in space. If the machine has 
an auxiliary secondary winding for starting purposes, then, 
under the conditions described, a current is induced in this 
winding also during the falling-back period of the resultant field 
which adds further to the motor torque until such time when the 
field has taken its final position in space. 

In conclusion, may I state that Mr. Kostko’s paper offers a 
tremendous amount of interesting information and my remarks 
advocating the attack of the problems of these motors on the 
simplified basis by neglecting ohmic resistance and leakage 
reactance, are,-in no manner, intended to criticize or minimize 
the excellent work done by him, but are intended to point out 
that for the purpose of practical application, the simplified 
method of dealing with the subject will probably find a wider 
field of usefulness for the same reasons which made the Heyland 
circle so much more popular than the Osanna circle, but from the 
truly theoretical viewpoint, the complete diagram will always 
remain the most important and the most interesting one. 


V. Karapetoff: It would be of interest to go over Mr. 
Kostko’s deduction of the circular locus, using the vector analy- 
sis method.3 With this method, the whole statement of the 
problem is first written down in the form of vectorial equations, 
and then some of the variables are eliminated by short-cut 
methods not possible with elementary algebra or geometry. 

Let J be a variable current vector whose locus is a circle of 
diameter D passing through the origin. The vector connecting 
the ends of the vectors D and J is D — I, a geometrie sub- 
traction being understood. According to a familiar property 
of the circle, the vectors J and (D — J) are perpendicular to each 
other; hence, in the language of Vector Analysis, 


3. See V. Karapetoff, The Use of the Scalar Product of Vectors in 
Locus Diagrams of Electrical Machinery; A.I.E.E. Journat, 1923, 
Vol. 42, p. 1181. A good elementary book on Vector Analysis is by J. G. 
Coffin (Wileys). 
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(Dr— fy ak =O (1) 
Here the dot between the two factors stands for the so-called 
scalar product. By definition, if A and V are two vectors, their 
dot product is : 

A.B= AB Cos (A, B) (2) 
Since Cos 90 deg. =O, the condition that two vectors are 
perpendicular to each other is 

A Bi=0 (3) 
Kq. (1) is an application of this relationship to a circle and repre- 
sents the vector equation of a circle of diameter D passing 
through the origin. 


I shall now show an application of this method to a very 
simple and well-known a-c. locus problem, namely that of a 
constant reactance x and a variable resistance r in series across a 


DIRECT CURRENT VOLTS ACROSS BRUSHES AT NO LOAD 
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souree of constant sinusoidal voltage Z. 
the locus of the current J. We have 
E=Ir+2qQl1) (4) 
where j J is a vector numerically equal to J and leading it in 
phase by 90 deg. Since r is variable, and we want a locus, it 
is necessary to eliminate J r from eq. (4). The general method 
used in vector analysis is to take a scalar product of both sides 
of eq. (4) with some vector perpendicular to the vector to be 
eliminated. The vector J r is in phase with J; hence both sides 
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must be multiplied by (j J), because (r J). (71) =O. The 
result is 


[ZB —x(jI)). GI) =O 
or, after division by z, 


(5) 


Eri G Tbs GI) 0 (6) 


It will be seen that eq. (6) is of the form (1) so that the locus of 
(j I) is a circle of diameter H/x. If desired, eq. (6) can be also 
written in terms of J instead of 77. It is only necessary to 
multiply the both factors on the left-hand side by — 7, thus 
turning them by 90 deg. The result is 


[(-—j E/xz) -—I].I1 =0 (Z) 


It is true that this particular problem can be just as readily 
solved by elementary geometry, but I purposely selected the 
simplest possible case to illustrate the general method. 


V.A.Fynn: Mr. Kostko’s paper is devoted to a very inter- 
esting attempt to develop a general theory of the ‘‘exciting”’ 
system of self-excited synchronous motors so as to secure a basis 
of comparison for the several already known types and for such 
others as further development work may disclose. The paper, 
however, also deals with the subject of synchronization and 
touches lightly on the starting conditions. 


I have been actively interested in this field ever since 1905 and 
took out my first patent relating to synchronous induction mo- 
tors in 1906 (See B. P. 11,298 of 1906). In the last few years 
I have gone over this ground with a fine-tooth comb in an at- 
tempt to discover a polyphase motor with controllable power 
factor which would be generally acceptable. During the process 
I too have analyzed this type of machine along very general 
lines. My experiences in this connection have led me to the 
conclusion that an exhaustive study of the “‘exciting’’ system is 
not sufficient, that the synchronizing torque is of at least equal 
importanee in the ease of self-excited, and of even greater im- 
portance in the case of separately excited, synchronous induction 
motors, and that the asynchronous performance of such ma- 
chines is almost as vital if a proper basis for the comparison of 
various types is desired. 

It has long been the practise to speak of the unidirectional 
ampere-turns on the secondary of a synchronous motor as 
“exeiting’’ ampere-turns, Mr. Kostko does so in his paper, I have 
often done so myself, but the fact is that these ampere-turns do not 
always contain real exciting ampere-turns and do always carry 
something else. The term ‘‘excitation’’ conveys to one’s mind a 


. picture of the usually few ampere-turns necessary to produce the 


resultant motor magnetization and with this picture in mind 
one is very apt to form an entirely wrong conception of the dimen- 
sions and practical significance of the commutator of a synehro- 
nous induction motor and of the difficulties met with by the 
designer of such machines. The fact is that the unidirectional 
ampere-turns on the secondary of a synchronous motor are 
always at least equal to tke load ampere-turns, sometimes to 
load plus exciting and mostly to load plus over-exciting ampere- 
turns. At a certain value of lagging power factor, the secondary of 
a synchronous motor carries exactly that number of ampere- 
turns as is carried by the secondary of a non-synehronous in- 
duction motor under like conditions. At such time all the 
exciting amperé-turns are carried by the primary, as is the case 
in non-synchronous induction motors. When a synchronous 
motor operates at unity power factor then its secondary carries 
the vectorial sum of load and exciting ampere-turns. For 
leading power factors its secondary earries load plus over- 
exciting ampere-turns. The result is that the commutator of a 
self-excited synchronous or synchronous induction motor carries 
working plus exciting or plus over-exciting current. Such a 
commutator must necessarily be large and if anything happens to 
it or to its cooperating circuits, the machine is put out of 
commission. 
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We ought not to speak of the secondary ampere-turns of a 
synchronous motor as “‘exciting’”’ ampere-turns. 

In the fifth paragraph of his paper Mr. Kostko says that 
synchronization is accomplished by the synchronous torque— 
strictly speaking, by a torque which later becomes the syn- 
chronous torque. This is true of all the earlier forms of syn- 
chronous or synchronous induction motors but is not necessarily 
true of all synchronous motors. Some of the several motors of 
this type which I have invented depart from this rule as I have 
shown in a paper read February 27th last before the Columbus 
Section of the A. I. E. E. and elsewhere. 

In the same paragraph Mr. Kostko states that in separately 
excited synchronous motors the synchronizing torque is alterna- 
ting. This used to be so but I have devised separately excited 
motors with strictly unidirectional and pulsating torques and 
others with even strictly constant synchronizing torques with 
quite a variety of synehronizing-torque configurations in between 
these limits to choose from, see ‘“‘Engineering’’ February 20, 1925 
and a paper presented to the Schenectady Section of the 
A. I. E. E. on March 27, 1925. 

Just for the sake of historical accuracy it should be stated that 
contrary to Mr. Kostko’s impression as voiced in his paragraph 
6, the first self-compounding synchronous induction motor is 
apparently that of Burge, see B. P. 3227 of 1913, which has two 
secondary windings and two displaced sets of brushes. 


I should like to stress my absolute agreement with Mr. 
Kostko’s plea, paragraph 7, that a thorough theoretical investi- 
gation go hand-in-hand with experimental work and that hap- 
hazard experimenting be avoided. I have preached this doctrine 
for many years, also when connected with a company for which 
Mr. Kostko was working-at the time, and I have successfully 
practised what I preached. In many eases, ineluding all the 
synchronous induction motors I have invented, I was able to go 
even further and to work out the theory quite completely 
before making a single test, with the result that experimental 
development work was reduced to practically nothing. 


I am bound ‘to disagree with Mr. Kostko as to the opening 
phrase of his ninth paragraph. This statement of his explains 
why he has given such secant attention to the asynchronous fea- 
tures of the motors he has discussed as affected by the several 
arrangements of secondary windings and primary brushes he has 
referred to. My experience is that the effect of the ‘‘exciting”’ 
and synchronizing system on the asynchronous characteristics 
of the machine cannot be so lightly set aside. 

The arrangement of secondary windings and primary brushes 
is now usually used to start, to synchronize and to operate the 
motor. If they are not so used additional windings are necessary 
which increase the cost and complicate the manipulations, if 
they are so used, then the secondary windings act as induction- 
motor secondaries at starting and their action is modified by the 
voltage appearing at the commutator brushes included in their 
circuits. In many eases this results in a considerable unbal- 
anecing of the several secondary circuits and a correspondingly 
poorer starting performance. To illustrate my point, refer to 
Mr. Kostko’s Fig. 12. At the moment of starting, the brush 
voltage impressed on the secondary 2 leads the voltage generated 
in 2 by the synchronously revolving motor flux by 90 deg., 
whereas the brush voltage impressed on No. 1 lags by that 
amount behind the voltage generated in No.1. 

But of far more consequence is the influence of the Pica 
tion of the synchronizing torque on the asynchronous perform- 
ance of the machine upon a torque demand which exceeds the 
maximum synehronous torque. As a specific example take a 
synchronous induction motor provided with the type of ‘“‘ex- 
citation” shown in Fig. 10 and which was disclosed by me in 
1916, see U.S. P. 1,337,648. Because of the fact that the 
unidirectional ampere-turns on the secondary of a synchronous 
motor are not “‘exciting’’ but really “load plus exciting’ ampere- 
turns, also because these must be accommodated in a single- 
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phase as against a polyphase winding as used in non-synchronous 
motors and finally because in addition to the winding carrying 
the unidirectional ampere-turns it is necessary to have another 
closed winding on the secondary to permit of the motor operating 
asynchronously, it is found that even by using more copper on 
the secondary than in the corresponding asynchronous motor the 
maximum synchronous torque can hardly be made to equal more 
than two-thirds of the maximum asynchronous torque. If the 
motor is to have the overload capacity which the material used 
permits of being developed asynchronously, then part of its 
overload must be taken care of asynchronously. In the case of a 
motor such as outlined in Fig. 10, the asynchronous overload 
capacity is not practically available because the alternating 
synchronizing torque with unequal positive and negative maxima 
which can be exhibited by such polyphase motors at subsyn- 
chronous speeds causes their speed to oscillate rapidly under 
asynchronous overload conditions. It is clear that only the 
roughest kind of work will permit of such an irregular motive 
power and such motors are accordingly so rated that their full- 
load torque equals about half their maximum synchronous and 
about one-third of their maximum asynchronous torque. This 
condition is another reason why such motors are very costly. 

In prior publications I have shown how this very undesirable 
condition can be remedied, thus greatly increasing the weight 
efficiency and therefore reducing the cost of such machines and 
need not again go into this question here, but the condition just 
discussed does show the vital importance of the configuration of 
the synchronizing torque on the weight efficiency of synchronous 
induction motors and clearly suggests that it does not suffice 
simply to study their compounding characteristic if a true picture 
of the relative merits of different types is desired. 


I should further like to point out that Mr. Kostko’s assertion 
in paragraph 14, column two, on page 448, is true enough in so far 
as synchronizing and synchronous operation is concerned, but 
not true in regard to starting for the reason that if two displaced 
windings are used instead of one only and both are connected to 
the same brush set, the two component windings form a poly- 
phase secondary and make it unnecessary to add a winding on™ 
this member which will be active at subsynchronous and 
inactive at synchronous speed. 


That Mr. Kostko’s assertion in paragraph 15 is true, so far as 
it goes, was demonstrated in my paper ‘“‘Another New Self- 
Excited Synchronous Induction Motor.’’4 . It clearly appears 
from that paper that Mr. Kostko’s proposition is not true when 
it comes to synchronization. Furthermore, for certain angular 
displacements there is a great practical difference between the 
two types. The single-brush-set type is so touchy for certain 
angular displacements as to be useless in practise, whereas quite 
steady corresponding operation can be had with the two-set type. 

In the last paragraph of Part two, Mr. Kostko states that the 
pulsations of current and torque during the synchronizing period 
are unavoidable whether the axis of “excitation” is fixed or vari- 
able. This is true for the type with fixed but not true for that 
with variable position of the axis of ‘‘excitation.”’ I have shown 
how such pulsations can be avoided in separately, as well as in 
self-excited, synchronous motors. . 


The motor dealt with under ‘‘example 1” is my 1906 motor; 
not only is the synchronizing torque in this machine ‘‘very nearly 
alternating’ but it is actually so and its frequency is double the 
slip frequeney as pointed out in detail in my paper ‘‘A New 
Self-Excited Synchronous Induction Motor.’’5 

As to the motor discussed under ‘‘example 2,”’ I gave the com- 
plete circle diagram for this machine in my contribution to the 
discussion of the papers presented at the 1925 Midwinter Con- 
vention and have shown that at light loads the primary current 
of this motor lags by nearly 90 deg. behind the terminal voltage, 


4. A.I.E. E. Transactions, 1925, p. 64. 
5. A.I. E, E. Transactions, 1924, p. 660. 
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that at a certain load this lag diminishes abruptly and is con- 
verted into a lead, after which the lead diminishes steadily with 
a further increase in load and finally again becomes a lag. It is 
therefore putting it very mildly to say that the power factor at 
light loads is not as good as can be expected in synchronous 
motors. 

My investigation of this whole subject has revealed quite a 
number of interesting conditions not apparent from the Kostko 
analysis. Thus when using a phase-displaced system of second- 
ary windings connected to a phase-displaced system of brushes 
on the primary, or more broadly, connected to a plurality of 
voltages which are phase-displaced when alternating, it is pos- 
sible to cause the motor to operate synchronously over a wide 
range of loads and asynchronously at loads below, as well as at 
loads above, said range. It is further possible to cause the axis 
of the synchronous unidirectional magnetization on the second- 
ary to travel in the one or the other direction when the axis of the 
resultant magnetization of the motor moves in a given direction 
as the load of the motor increases or decreases. This leads to 
some very interesting combinations to which I may refer in 
greater detail at some later date. One way to secure the change 
in question is to reverse the connections between one of the 
secondary windings and its brushes in Fig. 13. 

On the whole, I must admit that my study of the synchronous 
induction motor has been somewhat disappointing. I feel 
reasonably certain that I have reached rock bottom, having 
devised and carefully analyzed some seven or eight different types 
and worked out a fairly complete general theory which agrees 
with the results of tests, but I have not found any self-excited 
synchronous induction motor which I can recommend as a 
general-purpose motor. My view is that many synchronous 
motors on any one system of distribution are undesirable; 
because of their rigid speed characteristic these machines require 
instantaneous response from the generating set and sudden 
. changes in load become so many hammer blows on the system. 
The fact that self-excited motors require slip-rings as wellasa 
commutator and that both of these are in constant use are un- 
deniably practical disadvantages, particularly in view of the 
fact that the commutator carries load as well as exciting currents. 
' My conclusion is that synchronous induction machines are much 
better suited for use as synchronous condensers than as motors. 
They are much superior to synchronous condensers with defined 
polar projections now in general use for the reason that no line 
disturbance can put them out of commission which, so often 
happens with the pronounced-poletype. Synchronousinduction 


machines used as condensers automatically resume synchronism | 


under any and all conditions and when so used, can be located in 
sheltered positions where the slip-rings and the commutator will 
have a chance of operating satisfactorily. 


I believe that conditions are much more favorable in the case of 
larger, separately excited synchronous induction machines and 
such ean no doubt be advantageously used as motors in a number 
of cases. But when it comés to a general-purpose motor I think 
that the solution will be found in a compensated non-synchronous 
machine. — 

J. K. Kostko: The inversion is undoubtedly the most 
powerful method of graphical study of circuits yet devised; 
it originated in this country (F. Bedell and A. C. Grehore, 
“Resonance in Transformer Circuits,” Physical Review, Vol. II, 
1894-1895, p. 451), but it is much better known and more used 
abroad. 
current is proportional to the applied voltage; if, for a certain 
phase angle between the current and the voltage, the value of the 
former is I’ for the voltage H’ and J for the voltage E, then the 
lengths of the vectors O H’and OJ representing EH’ and J are 
given by the relation O E’ X OI = EI’. If I’ and E remain 
constant, O H’ describes the locus 1 of the voltage at constant 
eurrent, while O J deseribes the locus, 2, of the current at con- 
stant voltage; theforegoing relation immediately suggests the 
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In a cireuit containing no independent e.m.f. the 
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possibility of passing from one locus to the other by inversion (for 
details see Electrical World, Vol. 75, p. 724, 1920). It is usually 
much easier to construct the locus 1 than the locus 2, because, if 
we start from a known current, we can draw a vector diagram 
with correct linear and angular relations between the vectors. 
In practise it is seldom necessary to go through the process of 
inversion; the construction usually can be simplified by making 
use of the fact that the angle between two curves remains un- 
changed by the inversion. Thus, in Fig. 3 the line A’ X’ is the 
constant current locus of a circuit consisting of the primary 
resistance rand a variable inductance. Its inverse is the circle 3, 


of diameter A’ X’ and this cirele are the loci of points at 


, 


which the power from the line is consumed entirely in the resist- 
ance r. Therefore, at points common to the circle 3, and to the 
locus of the motor no power is transferred from the primary to 
the secondary. The circle, 3, is zero-power or zero-torque circle. 


‘It is usually possible to determine the angle between the line 


A’ X’ and the constant current locus 1; it is also the angle be- 
tween the final locus 2 and the circle 3. Since the latter is fully 
determined by the primary resistanee, r, thisangularrelationisan 
important element determining the locus 2. For instance, in the 
polyphase induction motors the locus 2 is normal to the eirele 3. 
In a single-phase induction motor it is very nearly normal to it 
(the exact angle can be calculated from design or test data). 
In a polyphase synchronous reaction motor circles 2 and 3 are 
also normal. In a synchronous motor of the type of Fig. 10 of 
the paper the angle between 2 and 3 is equal to the angle of brush 
displacement. If two points A and B are inverse of A’ and B’ 
respectively, and the constant of inversion with respect to the 


Cc 


OA’ XOB™ This relation 


origin O is c, then A B = A’B’ 


can be used in order to represent an element such as an e. m. f. by 
means of a segment in the diagram. Thee. m. fs. H, Hi and 
E2 of the paper are represented in this way; other examples can 
be found in various publications of the writer. 

Thus, by the use of various geometrical properties of inverse 
figures we obtain a complete graphical representation of the 
performance with its elements shown directly in the diagram. It 
is hardly necessary to insist on the advantages of such a repre- 
sentation, especially in the study of a new motor type, where 
calculations should be undertaken only after a clear idea as to the 
useful range of the design constants has been obtained from the 
study of the diagram. . 

A diagram in which the zero-torque cirele 3 is used is the 
exact one, taking into account the primary resistance. The 
transition to the simplified diagram is easy. If r decreases, the 
diameter of 3 increases; for r = O the circle 3 coincides with the 
axis of abscissas. The feeling against the exact diagram is prob- 
ably due to the fact that the old methods of taking the primary 
resistance into account are extremely complicated in comparison 
with the inversion method making use of the cirele 3. An article 
in 1921, Transactions 6 shows how the problem of constructing 
the exact locus of a polyphase induction motor from test data is 
simplified by the use of this method. 

Mr. Weichsel’s remark as to the meaning of the equivalence is 
to the point, but a careful reader is not likely to make a mistake 
in this respect because the writer took good care to point out 
in the paper (page 11, first column) that the torque in the 
diagram comprises the friction and the loss in the exciting cir- 
cuits; the net torque is, therefore, somewhat affected-by the 
choice of the exciting system, but not in any definite way. By 
suitable choice of mechanical features, such as the weight of 
copper, any one of the two equivalent motors can be made either 
better or worse than the other; even in the same motor a change 


6. A.I. E. BE. Transactions, 1921. 


460 KOSTKO: SELF-EXCITED 
of the field copper (leaving the size of conductor unchanged) 
will affect the net torque without in any way affecting the current 
locus. The physical change from one exciting system to an 
equivalent one is affected by the structural features of the motor. 
No general rules can be given, but each case must be studied 
individually. 

It would be of interest to ‘‘go over’? my deduction of the eur- 
rent locus using Prof. Karapetoff’s method; but the current 
locus alone is of little value to an engineer. If a comparison 
of the methods is intended, it would be of greater interest to take 
up the problem ‘of the graphical study of the motor from the 
beginning and try to find a solution as general and complete as 
that obtained in the paper; in my opinion this is the only sen- 
sible and fair way of comparing the two methods. The solution 
of Prof. Karapetoff’s example by the inversion method is as 
follows: let OJ’ be the vector of the current J’; the constant 
current locus is a line parallel to O I’ and at a distance x I’ from 
it; the current locus at constant voltage H# is the inverse of this 
line, 7. e., a circle passing through the origin O, tangent to O I’ 


dB E 
pat x 


and of diameter 


In his discussion Mr. Fynn continuously refers to the features 
of his separately excited motor as contradicting my conclusions 
which are derived for the self-excited motor. My statements as 
to the latter type are not directly attacked, but expressions such 
as ‘‘true as far as it goes,”’ “‘true enough” ete., are likely to cause 
some doubt in the minds of the readers. It is well to point out 
that there is nothing ambiguous or vague in these statements if 
applied to the motor type for which they have been developed. 
For that matter, they apply to Mr. Fynn’s motor as well, but, for 
the present, I shall confine myself to the type studied in my 
paper, because the experience with this typeshows that, with such 
complicated subjects, convincing arguments and a common 
ground for a profitable discussion ean be found only in a rigorous 
and impersonal mathematical study; and, while I have done 
myself some work on this subject, it would clearly be out of the 
question to take it up now. 

Mr. Fynn’s remark that the study of the exciting system is not 
sufficient, is correct; it is for this reason that I developed in 
the paper not the theory of the exciting system, as he says, but 
the complete theory of the self-excited motor. The synchronous 
(and synchronizing) performance is determined by the constants 
a, b, @, 8, r, x, X; the first four determine the exciting system 
and are investigated in detail; the last four determine the main 
a-e. winding. They are used in all vector diagrams for the con- 
struction of the current locus, but no further study of these ele- 
ments is undertaken because they occur in many well-known 
motor types and are quite familiar to the readers. 


Mr. Fynn’s remark as to the large size of the commutator gives 
an impression that it is due to the amount of ampere-turns on 
the secondary. Such is not the ease: it should be charged 
mainiy against the self-starting feature of the motor, which 
involves a very low exciting voltage, as explained in the paper. 
Mechanically, the commutator must fit the size of the motor, 
but its output is only a few per cent of that of the motor. If we 
could use 150-250 volts for excitation, instead of 15-25, the com- 
mutator would be as small as structurally possible, regardless of 
the number of ampere-turns. The danger of sparking and cir- 
culating currents in a coil of many turns short-circuited in a 
strong field also militates against the choice of a high exciting 
voltage. 


In my.opinion Mr. Fynn attaches an exaggerated importance to 
the asynchronous features of the motor as compared to the 
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synchronous performance. His remark as to the voltage ap- 
pearing at the brushes at starting is true, but he overlooks the 
order of magnitude of the phenomenon. At starting we may 
have some 500 induced volts in a field winding, and some 20 
volts across the brushes, of the same frequency and added vec- 
torially. An unbalenee which may be caused by these 20 volts 
in the two phases of the secondary is really a small matter, the 
more so because the winding of a self-excited motor is usually 
made stronger than that of the induction motor in the same 
frame, so that there is a margin for a slight reduction of the asyn- 
chronous torque. If this unimportant action of the brushes be 
disregarded (or simply avoided by disconnecting the brushes at 
starting) then the windings of the secondary should be designed 
(1) as a part of the exciting system, and (2) as a secondary of an 
induction motor. Plan (1) is extensively studied in the paper; 
but, as Mr. Fynn puts it, only a secant attention is given to _ 
plan (2), because it was not intended to take up here matters 
pertaining to the induction-motor design, important as it is. 

That synchronization is accomplished by the synchronous 
torque is admitted by Mr. Fynn, at least for the motors studied 
in the paper; therefore, all parts of the paper dealing with the 
synchronous performance, 7. e., practically the entire paper, can 
be considered as dealing with the synchronizing torque. It is 
rather strange to read Mr. Fynn’s admonition that “it does not 
suffice simply to study their compounding characteristies....’” 
ete. 

With reference to Mr. Fynn’s remark about a motor with two 
displaced windings connected to the same brush set: I never 
said that the equivalence of the synchronous and synchronizing 
operation also means the equivalence of the starting features. 

All the motors shown and deseribed in Mr. Fynn’s paper 
‘‘Another New Self-Excited Synchronous Induction Motor” are 
fixed-axis motors, equivalent to the type of Fig. 10 of my paper, 
with respect to synchronizing as well as the synchronous opera- 
tion. If the constants of a motor are changed, for instance by 
reconnecting field windings, as described in Mr. Fynn’s paper, we 
have not one, but several distinct motors, and to each of them 
the principle of equivalence to the motor of Fig. 10 applies in full. — 

In the example 1, Fig. 6, the locus 2, Fig. 7, is normal to the 


; E 2 
circle of zero-torque 3, of radius ramet the torque at a point of the 
r 


locus is measured by the distance of this point from the chord 
DC (not shown). Due to the curvature of the cirele 3 the posi- 
tive maximum of the torque is somewhat less than the negative; 
hence the expression ‘‘nearly” alternating. Only if ris neglected, 
the circle 3 coincides with the axis of abscissas and the torque 
becomes truly alternating. 

The variation of the lag of the current in example 2 can be 
followed in Fig. 9. In practise the motor would not be as bad as 
it appears, because, on account of losses, the no-load point will 
be nearer to the origin than D-C-K, and the transition to the 
lead will occur at a very light load. 

The interesting conditions mentioned by Mr. Fynn ean be 
found in the paper; the one which is really important is given 
quite a prominent place in the chapter on synchronizing. I 
refer to the motor which has minimum as well as a maximum 
torque at synchronism. The analytical conditions are given on 
the bottom of page 68. The current locus of such a motor 
has no common points with the zero-torque ecirele 3. If the 
constants are such that its radius is small or vanishes, as in 
examples 3 and 5, the pulsations of the torque and of the current 
are also small or vanish. The travel of various fluxes can readily 
be followed on the constant-current locus 1. 


Notes on the Development of a New Type 
of Hornless Loud Speaker 
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Synopsis.—The paper describes a series of tests directed to the 
evolution. of a loud speaker, free from resonance. Various types of 
sound source were tried. For the most part horns were avoided. 
Diaphragms, when employed, were either so light and stiff that their 
natural resonance was above the essential frequency range, or so 
flexible that their resonance was below the lowest important acoustic 
frequency. Best results were obtained with the latter type, and it is 
shown on theoretical grounds that a small diaphragm, the motion 
of which is controlled by inertia only, and located in an opening in 
a large flat wall, will give an output sound pressure proportional 
to the actuating force, independent of frequency. It should be 
possible to make an ideal sound reproducer on this principle. A 


INITIAL TESTS WITH NON-RESONANT TYPES 


EVERAL years ago tests were undertaken in the 
Research Laboratory of the General Electric Com- 
pany, to ascertain whether or not it would be pos- 
sible, by sacrificing sensitivity, if necessary, to produce 
a loud speaker free from the most objectionable of the 


distortion which characterizes loud speakers in general.?. 


Amplifiers and amplifier tubes had been developed to 
a point where there was no difficulty in obtaining voice 
currents of any required magnitude, practically free 
from distortion. Aperiodic microphones and condenser 
transmitters were in use in broadcasting station 
studios.* The availability of these comparatively new 
tools and the fact that in the matter of distortion the 
. loud speaker was the weakest link in the chain of ap- 
paratus involved in transmission and reproduction of 
speech and music, appeared to justify a renewed attack 
on the problem. Even though it should be found that a 
large and expensive amplifying system was necessary, 
owing to sacrifice of. sensitivity, it was felt that there 


would be many applications of a loud speaker of high’ 


quality. Happily in the later designs it was found that 
the anticipated sacrifice of sensitivity was not necessary. 


The worst distortion in the ordinary loud speaker is 
due to horn-resonance and diaphragm-resonance. To 
eliminate the horn-resonance, it was proposed to abandon 
the horn. To avoid the diaphragm-resonance we 
might, for example, eliminate the diaphragm, by 
using a “‘talking are;’’ or we might use diaphragms in 


1. Bothof the Research Laboratory of the General Electric Co. 

2. A general discussion in the form of a symposium on the 
loud speaker problem is published in Proceedings of the Physical 
Society of London, Vol. 36, Parts 2 and 3, Feb. & Mar., 1924. 

3. The construction and calibration of condenser transmitters 
are described by F. C. Wente in the Physical Review, July, 1917, 
and May, 1922. The theory of air damping as applied to the 
condenser transmitter is discussed by I. B. Crandall, Phys. Rev., 
June, 1918. 

Presented at the Spring Convention of the A. I. HE. E., St. 
Louis, April 13-17, 1925. 
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practical loud speaker which approximately fulfills the above con- 
ditions has now been evolved. It consists of a flexibly-supported 
paper cone actuated by a coil in a magnetic field and provided with 
a baffle. As compared with ordinary loud speakers, this instrument 
radiates much more of the low tones and more of the very high 
frequencies which makes for clearer articulation. 

The extension of the range of response of the loud speaker to 
higher and lower frequencies, makes defects in the remainder of the 
system more noticeable, particularly roughness and blasting due to 
overworked amplifiers. It is, therefore, important that the amplifier 
used with the new loud speaker be designed to have ample capacity. 


* * * * * 


which the resonance frequencies were above or below 
the working range. 

One of the first undertakings was to build a resist- 
ance-capacity-coupled amplifier in which the final stage 
was a tube having an oscillator rating of 250-watts out- 
put. Witha1500-volt platesupply, this amplifier could 
deliver about 70 milliamperes of sine wave current at 
200 volts, with practically no wave-form distortion, 
and it was possible to test some very insensitive eae. 
Among the things tried were: 


[is 


Fig. 1—Sriren anpd Goup-Lear THermMo PHONE 


1. A gold leaf thermophone with an area of about 
one-half square foot, shown in Fig. 1. The voice cur- 
rent superimposed on a direct current causes temper- 
ature fluctuations in the gold leaf. The adjacent air 
expands and contracts and produces sound waves. 

2. Various designs of electrostatic loud speakers 
with large diaphragms: In these the diaphragm is a thin 
sheet of conducting material, actuated by the electro- 
static attraction between it and an electrode placed 
close toit. Fig. 2 shows a model in which the electrodes 
were of felt, painted with graphite and separated by two 
sheets of varnished cambric. 

3. A siren, shown in Fig. 1: Instead of moving a 
diaphragm to set up air waves, the voice currents are 
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made to operate a delicate throttle-valve which con- 
trolled theamount of air issuing fromajet. Thisprinci- 
ple is employed in the “Creed Stentorphone’’ evolved 
by Gaydon and manufactured by Creed of Croyden, 
England. 

4. Anagate cylinder machine, depending on varying 
the frictional force between a rotating drum of polished 
agate and a piece of metal attached to the diaphragm: 
This principle was first applied by Edison‘ using chalk 
cylinders, and later by Johnson and Rahbeck who used 
agate’. A modified form of frictional machine, called 
the ‘‘Frenophone,” has recently appeared’®. 

5. A talking are. 

6. Multiple unit area devices, made up of a large 
number of similar magnetic telephones, as shown in 
Fig. 3. 

7. Combinations of several horn instruments, having 
different characteristics, so that each supplements the 


Fig. 2—Euectrostatic Loup SPEAKER 


others. Fig. 4 shows a photograph of this arrangement. 


8. The induction phone developed by Dr. C. W. 
Hewlett’. 

This is illustrated in Fig.5. The diaphragm isa thin 
sheet of aluminum loosely supported between two pan- 
cake-type coils, wound with suitable venting spaces. 
Direct current is passed through the coils in such a 
direction as to give a radial field in the region of the 
diaphragm, and the voice current circuit is connected so 
that both coils act as primaries to induce currents 
in the diaphragm. The resulting force can be made 
to be almost uniform over the whole diaphragm. 


4. British patent No. 2909,—1877. 


5. Described in Zeitschrift fur Techinsche Physik, 1921, No. 


11, also Journal I. E. E., No. 61, July 1923, p. 713. 

6. Model exhibited at Liverpool meeting of;British Associa- 
tion for the Advancement of Science, Sept. 1923. See Sci. 
American, Jan. 1924. 

7. Phy Rev., 17, p. 257, 1921. Phy. Rev., 19) p. 52, 1922: 
Jour. Opt. Soc. Am. 4, p. 1059, 1922. 
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9. Various designs of small diaphragm moving coil 
instruments. 

Fig. 6 shows a number of instruments set up for 
comparison. 

Of the possibilities, some were dropped after one or 
two experiments, while the more promising types were 
the subjects of considerable development. The electro- 
static phone is capable of giving very fine quality repro- 


Fig. 3—Muutiete-Unir Loup SprakEer 


duction, but owing to the low breakdown strength of — 
air, only a small force can be applied to the diaphragm 
and a very large area is required to give a reasonable 
volume of sound. 


Fig. 4—Tripte-Horn Loup SrEAKER 


CHARACTERISTICS OF LARGE AREA DIAPHRAGMS 


One of the first tests was an attempt to obtain the 
equivalent of a large area diaphragm by placing a 
number of small units close together. The panel is 
shown in Fig. 3. A single telephone receiver without a 
horn, gives entirely inadequate radiation of the low 
tones. The horn helps to bring out the low tones but 
introduces resonance. Placing a number of telephones 
in close proximity with their diaphragms moving in 
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phase also improves the radiation of lower tones 
without creating any resonance. The multiple unit 
instrument was a considerable improvement over a 
single unit with horn. But as the device was first built, 
the diaphragms themselves were resonant at about 1000 
cycles. The next step was the substitution of tele- 
phones with diaphragms of steel, 0.0015 in. thick, 
stretched so tightly that their natural frequency was 
above 6000 cycles, or practically out of the voice range. 
When used as head-phones, these receivers gave very 
fine quality but as a loud speaker the multiple 
unit device gave undue prominence to the high 
frequency components of speech. Voices sounded thin 
and hard. Only after electrical compensation had been 
introduced by means of the circuit shown in Fig. 7A 
did the multiple unit loud speaker give a natural repro- 
duction of voice. In other words, while the effect of 
the large area diaphragm as compared with a small 
diaphragm was in the right direction in helping the 
radiation of low tones, as had been anticipated by Rice 
in proposing this experiment, there was still an accentua- 


Fig. 5—Hewwierr Inpuction Typrt Loup SPEAKER 


tion of the high frequencies when the multiple unit 
loud speaker was used without the compensating 
circuit. 

Let us consider from a theoretical standpoint the 
difference between what makes a satisfactory head- 
phone and whatisrequired for aloud speaker. Theideal 
sound pick-up, or transmitter, would develop a voltage 
proportional to the pressure which the sound wave 
exerts on the diaphragm, whatever the frequency or 
wave shape. There are in use in broadcasting studios, 
special microphones and electrostatic transmitters 


which approximate this ideal characteristic very closely 


over a wide range of intensity and over a frequency 
range of from 30 to over 6000 cycles. Amplifiers can be 
constructed having almost any required amplification 
ratio, the output currents of which reproduce the 
input voltage wave with virtually no distortion. The 
perfect receiver, or loud speaker, must take these am- 
plified voice currents and translate them into air pres- 
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sures, exactly reversing the function of the pickup or 
transmitter. The transmitter being equally efficient 
for all frequencies in the working range, the telephone 
receiver or loud speaker must convert input current into 
sound pressure at the listener’s ear with equal efficiency 
at all frequencies. Throughout the remainder of this 
paper, when a device is spoken of as giving sound 
radiation independent of frequency, it is to be under- 
stood that what is meant is that if a series of pure tones 
of equal power but varying pitch are produced in a 
damped room in front of a perfect transmitter with 
distortionless amplifier, and the output of the amplifier 
is fed to the loud speaker, the latter will ‘radiate the 
series of tones with equal power. 

In the case of the receiver held to the ear, there is a 
small cavity between the receiver diaphragm and the 
ear drum, and, assuming that there is no leakage of air, 
the pressure which the ear drum feels is proportional to 
the change in volume of the cavity caused by the 
deflections of the diaphragm. A diaphragm with 
natural frequency above the voice range, or, in other 
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words, one in which elasticity and not inertia or damp- 
ing controls the vibrations, gives a deflection propor- 
tional to the magnetic force, or practically proportional 
to the current through the coils, independent of fre- 
quency. Therefore, such a diaphragm gives a sound 
pressure in ‘the ear proportional to the current supplied 
to the receiver, provided the receiver is held tight 
against the ear, and this characteristic is exactly what is 
wanted for a head telephone. What happens when 
such an elastic control diaphragm is operated in un- 
confined air? The simplest case is that of a large area 
diaphragm radiating plane waves. Here the pressure 
in the sound wave is proportional not to the deflection 
of the diaphragm, but to the maximum velocity which 
it attains, which, for pure tones or sine waves, is pro- 
portional to the maximum deflection multiplied by the 
frequency. Therefore, if we succeeded in obtaining 
the equivalent of a large area diaphragm by grouping 
together a number of telephones with tightly stretched 
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diaphregms, the device would still radiate the high 
frequencies in undue proportion. With the capacity 
shunt in the amplifier, as shown in Fig. 7A, this dis- 
crepancy is corrected. 
TEST OF SMALL INERTIA DIAPHRAGM 
At this point, Kellogg suggested using a coil-driven 
diaphragm with practically no elastic restoring force, so 


that at low frequencies very large amplitudes could be 
attained. In an ordinary telephone the stiffness of the 
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f = frequency 


diaphragm is depended upon to prevent its sticking to 
the magnet poles and is, therefore, not suitable where an 
entire lack of restoring force is desired. On the other 
hand, the moving coil drive is eminently suited to this 
purpose, since no stabilizing force is required. Fig. 8 
shows the construction of the first model built to try 
out the free diaphragm principle. Not only did this 
device produce more of the low tones than any pre- 
viously tried, but it held up remarkably well for the 
very high notes, not showing any marked resonance. 
It did, however, have a rough quality in voice repro- 
duction, which was corrected in the later designs. 
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Fig. 8—First Moper. or 
INERTIA ConTROLLED D1a- 
PHRAGM LouD SPEAKER 


TRIAL OF TRIPLE HORN LOUD SPEAKER 


The multiple unit horn device, already mentioned 
and shown in Fig. 4, was first suggested and worked on 
in our group by Kellogg. It was an attractive possi- 
bility, especially in view of the sensitivity obtainable 
with horns, and the ease with which the balance be- 
tween high and.low tones could be adjusted. For the 
lower. end of the scale, a Baldwin phone with a large 
exponential horn seemed to be the best combination of 
available apparatus, while some higher pitched phones 
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with smaller horns took care of the middle and upper 
ranges. Experiments with this arrangement showed 
clearly that the three instruments supplemented each 
other, the combination sounding much better than any 
one alone, and the consciousness on the part of the 
listener of the presence of a horn was much less pro- 
nounced than’ in the case of a single horn device. 
The Baldwin phone would not give sufficiently low fre- 
quency output and after a number of attempts to builda 
suitably low-pitched phone, the conclusion was reached 
that the most satisfactory low-pitched phone would be 
one designed along the lines of the moving coil instrument 
already described. However, when this construction 
was adopted, no supplementary high pitched instru- 
ments were needed. 


IMPROVED DESIGNS OF INERTIA DIAPHRAGM 
INSTRUMENTS 


Fig. 9 shows the manner of construction of a moving 
coil instrument designed by Kellogg with a view to 
avoiding two of the possible causes of the rough quality 
which had characterized the machine shown in Fig. 8; 
namely, friction around the edges, and failure of the 
diaphragm to act as a true piston, or remain flat during 
vibrations. A maximum of rigidity, combined with 
light weight, was sought in the diaphragm design, an 
oil seal was provided around the edge, and the support 
consisted of four threads at right angles, held in slight 
tension, so that motion was very free in the axial 
direction, but practically no sidewise movements 
could take place. Vibration amplitudes as great as 
1/32 inch were frequently observed on this diaphragm. . 
The rough quality was practically eliminated in the new 
design. Provision was made for boxing in the instru- 
ment, and an interesting experience in this connection 
was that of placing the box over the back, which had the 
same general effect on sound quality as applying a 
short horn to the front of the diaphragm. Both helped 
to bring out the low tones and gave rise to some resonant 
effects. Bringing out the low tones was due principally 
to preventing circulation of air between the front and 
back of the diaphragm. The resonance was in the horn 
in one case, and in the box in the other. A peculiarity 
of devices employing very flexibly supported dia- 
phragms is that resonant air chambers behind the 
diaphragm do about as much harm as resonant cavities 
in front of the diaphragm, the diaphragm usually 
taking part in the resonance. Attempts to damp the 
interior of the box with felt were not entirely successful. 


THE USE OF A BAFFLE 


A happy solution of the problem of preventing circu- 
lation was obtained by employing a flat baffle-board, at 
the suggestion of Rice, who was the first of the group 
to recognize the importance of the circulation factor in 
preventing the radiation of low tones. With the flat 
baffle, no air resonance occurs and both sides of the dia- 
phragm give useful radiation, the total power radiated 
for a given diaphragm amplitude being nearly four 
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times as great as that radiated when the back of the dia- 
phragm is enclosed. 


DEFINITION OF TERM “INERTIA CONTROLLED”’ 
Subsequent experiments were devoted largely to the 


development of the free diaphragm type of sound repro-. 


ducer, in which, throughout the essential frequency 
range, the electrical driving force is expended in accelerat- 
ing the mass of the diaphragm. We shall speak of 
such diaphragms as “inertia controlled.’”’ A certain 
amount of elastic restoring force is unavoidable in the 
supporting system, and consequently the diaphragm 
must have a natural frequency. But if the natural 
frequency is below the important acoustic frequency 
range, the diaphragm may properly be described ‘as 
inertia controlled. We have obtained best results 
with natural frequencies below about 70 cycles per 
second. Higher natural frequencies can be tolerated if 
the vibrations are well damped. 


THEORY FOR LARGE AND SMALL DIAPHRAGMS 


Diaphrams may be classified according to their 
mechanical properties as: 

1. Inertia controlled 

2. Damped or resistance controlled 

3. Elastic controlled 

4, Resonant 

5. Diaphragms having wave action or phase differ- 
ences between the different parts of the surface 

Of these, the first three have simple relations between 
actuating force, frequency, and amplitude of motion, 
and would, therefore, appear to offer most promise of 
afferding a sound source of constant efficiency. The 
resistance-controlled diaphragm, while difficult to 
~ obtain, is included in the list as representing a possible 
type and is of theoretical interest. It will be assumed 
in discussing the first three types of diaphragm that all 
parts of the surface move together, which means that 
either the diaphragm is small and rigid, or else the 
actuating force is applied to all parts. 
diaphragm is best represented by the large, shallow, paper 
cones which have been employed with considerable 
success. Familiar examples of this type are found in 
the Pathé and new Western Electric 540 AW loud 
speakers. Some other experiments along these lines 
were recently reported by Sutton.’ Here the actuating 
force is applied at the center, or vertex, and flexural 
waves radiate toward the outer edge. If there is con- 
siderable energy loss so that these waves are attenuated 
rapidly, the net result is that at high frequencies a 
small area of the diaphragm near the vertex radiates 
sound, while at lower frequencies a larger area works. 
If the attenuation of the flexural waves is small, stand- 
ing-wave conditions exist and there is a series of fre- 
quencies at which resonance occurs. 

The relation between amplitude, frequency, and driv- 
ing force, for diaphragms with pure elastic, resistance, 
or inertia control is as follows. If the diaphragm 

8. Wireless World and Radio Review, Nov. 19, 1924. 
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vibrates with simple harmonic motion at a frequency f 
cycles per second, and with an amplitude X centimeters, 
the deflection may be expressed by 


x= Xsin27ft = Xsin wt, centimeters (1) 
the velocity is 
dx : 
Mage eg hot) X cos w t—centimeters per second (2) 
and the acceleration is 
du ay 2X sj 
Ces tes so sin w ¢t (3) 


centimeters per second, per second. 

With elastic control, the deflection is proportional to 
the applied force; or to give the deflection shown in (1), 
we must apply a force 

Fein wt = Ke K 2sin wt (4) 
in which F = maximum force in dynes, and K the dia- 
phragm stiffness in dynes per centimeter. 

From (4) 


DG ene (5) 


or the amplitude is proportional to the maximum of the 
alternating force, independent of frequency. 

With resistance control of motion the velocity is 
proportional to the instantaneous applied force, or to 
give the motion expressed in equation (2) we must 


_ apply a force 
Fes ot] hu = hw X eos-wt (6) 
in which R is the resistance to motion in dynes per unit 
velocity. 
From (6) 
F F 
Pe RE eT: 7) 


or the amplitude is proportional to the applied force 
divided by the frequency. 

In the case of inertia control, the applied force is 
equal to the mass M times the acceleration. Hence to 
obtain the motion expressed in equations (1), (2) and (3) 
we must apply a force 


—Fsnwt=Ma=—-M oXsinwt (8) 

or 
spo und uerenne ei : 
F - @M ~4rPM ie. 


In this case the amplitude for a given driving force — 
varies inversely as the square of the frequency. 

There are two classes of diaphragms the sound 
radiation of which are simple functions of amplitude, 
frequency and diaphragm size. 

a. Diaphragms large enough in comparison with the 
longest waves to give plane-wave radiation for all 
essential frequencies. 

b. Diaphragms small enough in comparison with 
the shortest waves, to be treated as virtually point 


466 RICE AND KELLOGG: 
sources for all essential frequencies, circulation of air 
between the front and back of the diaphragm being 
prevented by either a baffle or by enclosing the space 
on one side of the diaphragm. 

The power in ergs per second’, radiated from one 
side of the large diaphragm is 


ib 
Porro U Uae 


5 (10) 


in which 

p = mean density of air in grams per ¢. ¢. 

v velocity of sound in air in cms. per sec. 

S = area of diaphragm in sq. cm. 

= 2m 

X = amplitude of diaphragm motion, assumed to be 
the same over the entire surface. 

In the case of the small diaphragm, the power 
radiated from one side is!° 


S2 wt X2 
P28 


ie (11) 
in which @ isthesolid angleinto which theradiation takes 
place, 4 for complete spherical waves, and 2 7 for 
hemispherical waves, or in other words, if a flat baffle is 
used. Withaflat baffle, the radiation from both sides of 
the diaphragm is 

San? 
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P’ =p (12) 
For these two types of diaphragm we can see from 
equations (10) and (12) what would have to be the rela- 
tion between amplitude and frequency in order to have 
the sound output the same at all frequencies. 
For the large diaphragm, equation (10) shows that 
P becomes independent of w or of f if X varies as 


a and equation (7) shows that applying a force, F, 


the same at all frequencies to a resistance controlled 


ao : : \ 1 
diaphragm, gives an amplitude which varies as f 


If we have the means for making the force F a direct 
or inverse function of frequency, a large diaphragm 
with inertia or elastic control can be made to give the 
same output at low and high frequencies. For example, 
in the polarized electrostatic sound source, the force 
variation is proportional to the alternating voltage 
between electrodes. If the charging current supplied 
to the electrodes is fed through a resistance high 
compared with the capacity reactance of the device, 
then a constant voltage applied to the resistance and 
capacity in series will result in a voltage across the 
capacity inversely proportional to the frequency, 


9. Rayleigh, Theory of Sound. Vol. II. Page 16. 
10. Rayleigh, Theory of Sound. Vol. II. Page 113. 


NEW TYPE OF HORNLESS LOUD SPEAKER 


Transactions A. I, E. HE. 


and such a voltage will give constant sound radia- 
tion from a large area elastic control diaphragm. 
In like manner in the case of magnetically actuated 
diaphragms, in which the force is in general propor- 
tional to the current, if the inductive reactance of the 
windings is high compared with their resistance plus 
the plate resistance of the amplifier tube, the current 
through the windings will be proportional to the voltage 


applied to the grid of the tube, divided by the frequency. 


This will give the desired relation between force and 
frequency, for constant sound radiation from a large 
area elastically controlled diaphragm. 

If we extend the consideration to the use of pick-up 
devices or transmitters having direct or inverse fre- 
quency characteristics, or include compensating cir- 
cuits of the type shown in Fig. 7, there are many com- 
binations which give a constant over-all efficiency. Of 
such combinations, those which throughout the system 
preserve the normal balance between high and low 
frequencies, have the advantage that a satisfactory 
ratio of useful to stray noises is more readily main- 
tained, and the required amplifier capacity is less. 
We shall, therefore, assume that the goal is to produce a 
sound source which, when operated by the output of an 
amplifier tube, will give a sound wave pressure pro- 
portional to the voltage appliéd to the grid of the tube, 
the proportionality factor being independent of fre- 
quency. Such a sound source is the large diaphragm 
electrostatic unit, with resistance controlled diaphragm 
motion, and with capacity reactance high compared 
with the tube plate resistance. Another example is . 
the large diaphragm electrostatic unit with elastic 
control of the diaphragm and with capacity reactance 
low compared with the tube plate resistance throughout 
the essential frequency range. Electromagnetically 
driven large area diaphragms, with elastic control of 
motion and inductive control of curent, or with re- 
sistance control of motion and resistance control of 
current, are also possibilities. 


Turning to the case of the small diaphragm working 
with a baffle, equation (12) shows that for constant 
sound output X? w! must be constant, or the amplitude 
must vary inversely as the square of the frequency, and 
equation (9) shows that a constant driving force and 
inertia controlled motion givesjust this required relation 
between frequency and amplitude. This relationship 
was pointed out by Kellogg who took especial interest 
in this type of device and designed all of the models 
employing small rigid diaphragms. The driving force 
independent of frequency is available in the form of a 
coil in a constant magnetic field and with enough resist- 
ance in the circuit compared with the reactance to make 
the current independent of frequency. There are 
obviously other combinations using small diaphragms, 
such as resistance control of motion and inductive con- 
trol of current, which would give constant output, but 
the inertia controlled small diaphragm with resistance 
controlled current has all the advantages. 
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EFFECT OF INTERMEDIATE DIAPHRAGM SIZE 


Formulas for the sound radiation from a flat circular 
diaphragm situated in a flat wall or baffle of infinite 
extent have been developed by Rayleigh", all parts of 
the diaphragm being assumed to have the same motion. 
Fig. 10 shows the relative output at different frequencies 
of an inertia controlled diaphragm six inches in di- 
ameter, actuated by a vibratory force of variable 
frequency but constant magnitude. For wave lengths 
greater than about 1.5 feet, (46 cm.), the diaphragm 
may be treated as a small source, and the sound output 
is constant. At frequencies for which the wave length 
is less than the diameter of the diaphragm, the radiation 
practically follows the law expressed in equation (4) 
for large area diaphragms. Within this part of the 
frequency range inertia control gives too rapid a drop 
in amplitude as the frequency is increased, with the 
result that the power radiated is less at high frequency. 
There is, however, a compensating effect. At the same 
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= \/ 00x 


Power radiated from one side 


; Area of hemisphere of 100 cm. radius 
In which 
p = Density of Air 
= 0.0012 grams per cu. cm. 
vp = Velocity of Sound 
= 3.42 < 104 cm. per sec. 
Actuating force assumed = 83,000 dynes. r. m. s. value 
Mass = 10 grams 


time that the total radiation becomes less, the directiv- 


ity increases, and the listener in front of the diaphragm 
receives a larger share of the total power radiated. The 
- result is that with a diaphragm of this size, the listener, 
if stationed in front of the diaphragm, loses very little 
of the high frequency components. Even with larger 
diaphragms, very pleasing results have been obtained 
with inertia-controlled diaphragms, notably the Hew- 
lett induction phone in which a 24-in. diaphragm has 
been employed with good effect. In this the tendency 
to give excessive radiation of low tones is reduced by the 
fact that no baffle is employed, and there is a diminu- 
tion in diaphragm currents at low frequency due to 
imperfect transformer action. The directive proper- 
ties of this large area diaphragm are very striking. 

In order to radiate in accordance with equation (12) 
or as a small source, up to 5000 cycles, a diaphragm 
would have to be less than about 1 14 inches in diameter, 


11. Theory of Sound. Vol. II. Pages 162-165. 
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but since experiments indicate that much larger inertia- 
controlled diaphragms give good results, there is no 
justification for limiting the size to the value mentioned, 
particularly as sensitivity is gained from the adoption 
of larger sizes. 


REQUIREMENTS FOR TRUE PISTON ACTION 


Since the inertia-controlled small diaphragm ap- 
peared, from both theoretical and experimental evi- 
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Fig. 11—Barrue-Tyre Rigip DiarpHraam, Loup SpraKkER 


dence, to offer the greatest promise of a practical solu- 
tion of the loud speaker problem, subsequent experi- 
ments were devoted to finding the best form of device 
embodying this principle. The first models left much 
to be desired in the way of sensitivity and considerable 
room for improvement in quality. The condition that 
the diaphragm must move as a unit meant two al- 
ternatives; either the diaphragm must be very rigid for 
its weight and must be quite small, or the driving force 
must be applied uniformly over the entire diaphragm 
surface. 
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Fie. 12—Ruiaip-Tyrr DrapHraam ADAPTED FOR USE WITH A 
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MODELS WITH RIGID DIAPHRAGMS 


Two of the most satisfactory forms of small rigid 
diaphragms are shown in Figs. 1land12. Of available 
materials, aluminum has as high a ratio of elastic 
modulus to density as any, combined with light weight. 
The oil seal of Fig. 4 was considered impractical for any 
but a laboratory model, and in place of it, either small 
clearance was depended upon to prevent leakage or.a 
thin rubber membrane was used to bridge the gap be- 
tween moving and stationary parts. Fig. 12 was de- 
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signed for use with a horn’. The horn, was four and 
one-half feet long with an exponential expansion from 
Y inch to 30 inches diameter. Fig. 138 shows the same 
horn with the earlier model instrument illustrated in 
Fig. 9. Such a horn carries down to about 200 cycles 
satisfactorily and has no very strong resonances*. 


Fig. 13—Rigip-Tree INeRtTIA-CONTROLLED DIAPHRAGM WITH 
EXPONENTIAL Horn 


Resistance and not inertia control is the ideal dia- 
phragm characteristic for an instrument employing a 
slow expanding exponential horn, and that pleasing 
results should be obtained with the free diaphragm 
must be ascribed to the fact that the diaphragm never 
attained the amplitudes at low frequencies correspond- 
ing to true inertia control, because of damping by the 
air column in the horn and strong electromagnetic 
damping characteristic of the moving coil drive. A 
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horn of adequate dimensions, however, is exceedingly 
bulky, and better results were subsequently obtained 
with flat baffles. 


MODELS WITH DISTRIBUTED DRIVING FORCE 


Of the devices in which the actuating force can be 
applied over the whole diaphragm area, thus making 
rigidity unnecessary, the electrostatic phone. and the 


12. A description is given in the Wireless World and Radio 
Review of Dee. 17, 1924, by Capt. H. T. Round, of a loud speaker 
resembling that shown in Fig. 12 in some respects. 

13. ‘‘Function and Design of Horns for Loud Speakers’ by 
C.-R. Hanna and J. Slepian, Jour. A. I. E. E., March, 1924. 

“The Performance and Theory of Loud Speaker Horns” by 
A. N. Goldsmith and J. P. Minton, Proc. I. R. E., Aug. 1924. 
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Hewlett induction phone have already been mentioned. 
In the latter, the air-gap length is the radius of the dia- 
phragm, and a very strong magnetic field is practically 
out of the question. As a result the efficiency is low 
and the fine quality of which the instrument is capable 
is secured at the’cost of a high power amplifier and 
considerable direct-current power for excitation. It 
is, therefore, not a household device, its field of of applies 
tion being rather in auditoriums. 

Rice urged the probable value for the case of the 
small diaphragm instruments, of distributing the driving 


Fie. 15—Gaumont Tyrer Loup Speaker ASSEMBLED 


force over the entire diaphragm area, and believed that 
this could be done without sacrifice of field flux density. 
At this juncture a letter was received from Dr. W. R. 
Whitney describing a loud speaker which had been 
shown him in France by its inventor, _ Gaumont, and 
which fulfilled this condition. 

Fig. 14 shows the construction of the Samneenet 
loud-speaker built by the Société des Etablissements 
Gaumont. The diaphragm is a cone of thin silk, to - 
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Fig. 16—Mopiriep Drsien or GAUMONT ve Loup SPEAKER 


which is cemented. a single layer spiral of fine aluminum 
wire. An extremely light diaphragm is thus possible, 
making for sensitiveness and freedom from resonance. 
The reaction of the voice currents in the aluminum 
coil with the radial component of the magnetic field’ 
gives the useful driving force. 

Figs. 15 and 16 show one of the Gaumont type loud 
speakers designed by Rice, for use with a baffle. The 
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diaphragm support used in the commercial instrument 
shown in Fig. 14 does not afford sufficient flexibility. 
The substitution of a flat edge of thin rubber, as illus- 
trated in Fig. 15, gave the necessary flexibility without 
which adequate radiation of low tones from a small 
diaphragm had been found impossible. Experiments 
also indicated that a considerably heavier diaphragm 
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Fig. 17—ConstrucTion or ANNULAR Tyre Loup SPEAKER 
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than that employed in the commercial machine was 
required for good balance between high and low fre- 
quencies. The diaphragm which worked best was four 
inches in diameter and weighed 11 grams. It consisted 
of a single layer of copper wire embedded in rubber, 


Fig. 18—Views or Two Annuxuar Tyre INSTRUMENTS 


which gave a soft, non-resonant structure. Adequate 
venting proved to be of utmost importance in this de- 
sign in order that air reactions on the diaphragm might 
not affect its motion adversely and in order to let out 
the sound without muffling. A baffle 3 ft. in diameter 
was employed. 

An annular diaphragm type of loud speaker having 
uniformly distributed driving force is shown in Figs.17, 
18 and 19. This instrument which was designed by 
Rice presents no venting difficulties and gives the 
possibility of considerable diaphragm area. A thin 
rubber membrane spans the air-gap, and a single layer 
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coil cemented to the membrane provides the driving 
force. The construction difficulties are much less and 
the total weight less than in the case of the conical 
diaphragm type. In the annular design, if the air-gap 
is kept short enough to give reasonable magnetic field 
strength, it becomes difficult to make the natural fre- 
quency of the diaphragm low enough to fall below the 
important acoustic range. Electrical correction by 


Fig. 19—ANnnutar Tyrer Loup SPEAKER ASSEMBLED IN CABINET 
witH AMPLIFIER 


means of a series-tuned shunt across the output of the 
amplifier eliminated the most objectionable results of 
the diaphragm resonance, and in this form the device 
was very satisfactory. A somewhat similar instrument 
used as a transmitter has recently been described by 
Round, ~ 


Fig. 20—Atuminum Fort DiapHracmM Loup SPEAKER WITH 
TRANSFORMER 


Efforts to gain sensitivity by the use of extremely 
light diaphragms have always, in our experience, led — 
to disappointment. The expected gain in sensitivity 
was not realized, and in most cases the light diaphragm 
devices were very high pitched; or in other words, 


14. Wireless World and Radio Review, Nov. 26, 1924. 
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radiated too much high frequency sound compared with 


the low. This, for example, was the characteristic of . 


the design shown in Fig. 20 in which a strip of alumi- 
num foil a half mil thick, by a half inch wide, carrying 
the voice current and vibrating in a gap between magnet 
poles served as diaphragm. Careful transformer de- 
sign, very flexible mounting of the foil, and an adequate 
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Fic. 21—Construction or Free Epegep, Cort-DRiven, 


ContcaL DiapHraGm Loup SPEAKER 


baffle made it appear that the result was not due to 
overlooking any of these factors. We must conclude 
either that unavoidable leakage was responsible for 
the failure to radiate the lower tones in due proportion, 


Fig. 22—LarGre Fren-HpGep Paper Cone with Coit Drive 


or else that air reactions, and electromagnetic damping 
play such important parts in the diaphragm motion 
compared with the inertia of the diaphragm itself, that 
the motion cannot be looked upon as inertia controlled, 
except in the upper frequency range. 
Electromagnetic damping by the reaction of the 
15: A loud speaker employing an aluminum strip in a mag- 


netic field, manufactured by Siemens & Halske is deseribed in 
“The Wireless World and Radio Review,” July 2, 1924. 
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driving coil with the magnetic field takes the form of a 
counter electromotive force which reduces the supplied 
current and driving force. The net result is the same 
as though the driving force had remained constant 
and a retarding force had been developed by a counter 
current generated by the motion of the coil. Thus 
“motional impedance” and electromagnetic damping 
are two aspects of the motion of the conductor in a 
magnetic field. Electromagnetic damping only be- 
comes an important factor when the motional im- 
pedance becomes considerable compared with the 
other resistances and reactances in the circuit. Elec- 
tromagnetic damping can be controlled in a measure by 
the ratio of transformation if a transformer is used. 
Making the load impedance high compared with the 
tube plate resistance gives maximum damping, while 


3. Mechanical filter type, three stages 

4. Mechanical filter type, two stages, center for high frequency, 
whole surface for low 

5. Extra supporting rubber membrane, half way out 

6. Reinforced center, graded thickness 

7. Reversed conical stiffening edge, 
membrane 

8. Extra supporting, flat-paper membrane half-way out. 


thread-suspension, no-edge 


making the load impedance low relative to resistance in 
the circuit minimizes the magnetic damping. 


SEMI-RIGID DIAPHRAGMS 


With the rigid type of diaphragm, a question to be 
settled experimentally was how large could the dia- 
phragm be made before the quality of sound reproduc- 
tion became impaired through failure of the diaphragm 
to act as a unit or plunger throughout the entire 
frequency range. A simple cone is an exceedingly 
rigid structure for its weight, particularly with respect 
to vibrations of the type which could be excited 
by a symmetrically applied force in the axial direction, 
such as is used in driving a conical diaphragm; or in 
other words, the cone is rigid with respect to vibrations 
like the opening and closing of an umbrella. With an 
angle of 45 deg. between the axis and wall of the cone, 
the rigidity is practically at its maximum. Paper cones 
of various sizes were tried with free or flexibly supported 
outer edges, using baffles to prevent circulation and 
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small coils as shown in Fig. 21 for drive. Diameters 
from 4 to 24 in. and angles from 45 deg. to 75 deg. were 
tried. These paper cones gave marked increase in 


Fig. 24—ExXPERIMENTAL DIAPHRAGMS 
9. Glacine-paper cone 0.0015 in. thick, flat edge of same material 
10. Aluminum Cone 0.002 in. thick, 0.005 in. rubber edge 
11. Large coil, 4% in. diameter, three-ply cone, 0.18 in. blotting 
Paper between Sheets of half-tone paper 


12. Blotting paper, surface hardened with shellac to increase rigidity 
13. Internal conical stiffener 

14. Rubberized cloth, same material for edge 

15. Early experiments with coil-driven cones four in. diameter bond 


paper, blotting paper and 0.010 in. aluminum 


sensitivity over the devices shown in Figs. 11,12,15 and 
17, the general sensitivity on speech being at least equal 
to that of a good horn type loud speaker. Size seemed 


Mm, 
16 


Fig. 25—HXPpERIMENTAL DIAPHRAGMS 


16. Eight-in. diameter cone, one in. deep to vertex,.0.007-in. paper, 
rubber edge 0.005 in. thick and %-in. wide 


17. Same as (16) except two in. deep to vertex 
18. Eight-in. diameter, 45-deg. cone, 0.007-in. paper, %-in. rubber 
edge 


19. Lumier type diaphragm rocker joint at center, coil-drive, 
outer edge damped with sponge rubber 

20. 4%-in. diameter coil, aluminum wire, cone eight in. diameter, 
45 deg. of 0.007 in. paper 

21. Field magnet for coil drive. i 

22. Aluminum spinning diaphragm with rubber edge for coil drive 

23. 334 in. diameter 45 deg. cone. 0.007 in. paper; flat paper edge 


0.0035 in. thick by #/s in. wide. 


to have little effect on general sensitivity, but did some- 
what alter the quality, diameters between four and eight’ 
inches giving the best results. The angle did not ap- 


RICE AND KELLOGG: NEW TYPE OF HORNLESS LOUD SPEAKER 


471 


pear to be critical, but with very shallow cones speech 
sounded muffled, the high frequencies being lacking. 
A rough calculation indicates that a 45 deg. paper 
cone 4 in. in diameter would begin to depart materially 
from rigid plunger action, at frequencies of between 
3000 and 4000, while with larger diameter cones the 
change would take place at lower frequencies. The 
paper-cone diaphragms used in this series of tests must, 
therefore, be considered as acting substantially as 


Fig. 26—ExXPERIMENTAL DIAPHRAGMS 


24, 534 in. diameter 45 deg. cone of 0.007 in. paper with one in. flat 
paper edge 


25. Same as (24) with 3/s in. wide paper edge 

26. 5% in. diameter 45 deg. cone of 0.007 in. paper with 0.005 in. 
rubber edge % in. wide. Guide threads to center coil 

27. 31% in. diameter 45 deg. cone of 0.007 in. paper with %4 in. wide 
rubber edge 

28. 534 in. diameter 45 deg. cone of 0.007 in. paper with 0.005 in. 
rubber edge % in. wide 

29. Same as (28) except ™% in. wide silk edge 


plungers for the lower frequencies with a gradual 
transition to wave action or progressive deflection at 
the higher frequencies. If there was any loss of quality 
due to the failure of the diaphragm to move as a 
whole at high frequencies, there was a compensat- 
ing improvement as compared with the small dia- 
phragm instruments, in a better radiation of the 
low tones, for the small diaphragms did not give 


Fie. 27—Fren-Epgep, Cor-Driven, Conicat Pappr D1a- 
PHRAGM Loup SPEAKER UNIT 


quite enough low frequency radiation. An ekx- 
tended series of tests was made to see whether a further 
improvement in quality could be obtained, making the 


‘ 
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cone of various materials and different thicknesses and 
by employing stiffening members to reduce the tendency 
of the cone to break up into vibrations either of the kind 
with circular nodes or with radial nodes. Figs. 22 to 
26 inclusive show some of the forms of diaphragm 
tried. Nothing better was found, however, thanasimple 
45-deg. cone of 0.007-in. to 0.010-in. paper, about six 
in. in diameter, with a flexible support around the outer 
edge consisting of a membrane of rubber 0:005 in. thick 
and 14 in. wide, under very slight tension. Fig. 21 
shows the general construction of diaphragm and field, 
and Figs. 27 and 28 show views of two models of the 
instrument with baffles omitted. Leaving the center 
of the cone open as indicated in Fig. 21 simplified con- 


Fig. 
SpeakeR Unit with FLEXIBLE Paper EDGE 


struction and avoided the necessity of venting the space 
in front of the magnet core. A baffle, two feet square, 
appeared adequate. If the shortest air path between 
the front and back of the diaphragm is a quarter wave 
length or more there is no loss of radiation through cir- 
culation, although regions of interference between the 
two sound sources appear. An eight-foot wave length 
corresponds to a frequency of 135 cycles, and loss of 
output below this frequency may be attributed, in part, 
to circulation. 

SUMMARY OF CONDITIONS FOR GOOD REPRODUCTION 


The conclusion from these experiments was to 
the éffect that the best practical solution of the loud 
speaker problem was a device combining the follow- 
ing features: a conical diaphragm four inches or more 
in diameter with a baffle of the order of two feet square 
to prevent circulation and so supported and actuated 
that at its fundamental mode of vibration the diaphragm 
moves as a.whole at a frequency preferably well below 
100 cycles. 

The larger the diaphragm the less seriously will the 
baffle be missed if omitted. Thus, if the diaphragm 
were two feet in diameter, the effect of adding a baffle 
would be difficult to detect by ear. The use of the baffle 
gives latitude in the choice of diaphragm size. The 
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baffle need not necessarily be flat, but if concave the 
solid angle included on the concave side should be at 
least as great as that in a cone with an angle of 45 deg. 
between wall and axis. With a smaller solid angle, ~ 
resonance rapidly becomes noticeable and a change 
in general pitch lével characteristic of horn action is 
brought about". 


In order that the diaphragm may vibrate as a whole, 
the support at the outer edge must be very flexible 
compared with the diaphragm itself. 


. COMPARISON OF DRIVING SYSTEMS 


A low natural frequency means either a heavy dia- 
phragm which would cost sensitivity, or else that the 


Fic. 29—Conicat Paper DIAPHRAGM WITH FREE 
Outer EpcEe anp Magneto PHont DRivE 


elastic restoring force supplied by the diaphragm sup- 
ports plus any elastic restoring force in the driving 
mechanism must be small. Electromagnetic driving 
systems with moving iron armatures all require a cer- 
tain amount of elastic restoring force to maintain 
stability. The required stiffness may be reduced by 
(1) lengthening the air-gaps, (2) working with weaker 
average magnetic field, (8) using a lever system which 
makes the diaphragm motion greater than the change 
in air-gap length; all of which mean.a sacrifice of driving 
force. Fig. 29 shows a model employing a free edge 
cone with iron armature drive. By using a fairly 
large diaphragm and working close to the limit of 
stability it is possible to use this type of drive and ob- 
tain a low enough natural frequency and moderate 
sensitivity, but the moving coil drive has the following 
advantages: 1. The elastic restoring force may be 
made as low as desired without sacrifice of sensitivity. 
2. Very large amplitudes can be allowed. (With a 
drive using variable length air-gaps, the change in gap 
length must always be small compared with the average 
length if distortion is to be avoided). 38. The relation 
between current and force is strictly linear and there- 


16. ‘Effect of a Horn on the Pitch of a Loud Speaking Tele- 
phone,” by E. W. Kellogg, General Electric Review, August, 1924. 
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fore distortion due to bends in the magnetization curves 
of iron is avoided in the moving coil drive. 4. Ifa 
strong magnetic field is provided the coil drive gives 
greater sensitivity than the iron armature drive. 5. 
No adjustment is upset if the weight of the diaphragm 
causes it to shift somewhat when the instrument 
is tilted. The disadvantages of the moving coil drive 
are the size and weight of the field magnet and the power 
required for excitation, but these disadvantages are out- 
weighed by the advantages, in the opinion of the writers 
and their associates, particularly, when a special ampli- 


' 
_Fig. 30-—Movine Coit Tyrer Loup Speaker Unir witn Prr- 
MANENT MAGNET FIELD AND THREE-Pass EXPONENTIAL HorRN 


fier is part of the loud speaker equipment. A loud 
speaker with moving coil drive and permanent magnet 
field is shown in Fig. 30. 


COMPARISON OF FREE AND FIXED EDGE CONES 


It may be of interest to compare the action of the 
flexibly supported conical diaphragm with that of one 
with comparatively rigid support. The latter has had 
extensive application in hornless loud speakers. If a 
’ vibrating force of constant strength, but variable fre- 
quency is applied at the vertex of the rigidly supported 
cone, there is small motion and little sound radiation at 
frequencies below the lowest resonance. Additional 
resonances occur at frequencies of the order of 3, 5, 7 
times that of the fundamental. 
shall not be almost entirely lost in the output of such a 
device, it must be constructed so that the fundamental 
resonance occurs at a frequency low in the range of 
important sound. The diaphragm action may be said 
to be characterized by a series of resonances. The 
upper resonances are closer together on the musical 
scale, and this together with the greater damping makes 
the radiation more nearly uniform in this part of the 
range. The very high frequencies, however, are not 
adequately radiated when the cone is made very flat, or 
shallow compared with its diameter. The requirement 
of a low fundamental resonance calls for a shallow cone, 
unless the diameter is very large. The choice of angle 
is, therefore, a compromise. 

The free-edged cone permits large amplitudes at low 
frequency, and as already pointed out the relation 
of amplitude to frequency is such as to maintain 
practically constant radiation. Since the radiation of 
the lower frequencies is not critical to either size or cone 
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angle, these factors may be chosen entirely with refer- 
ence to obtaining the best effects at high frequencies. 
Since the flexural waves which travel from the vertex 
toward the edge, are reflected as well by a free as by 
a fixed edge, only in opposite phase, standing wave con- 
ditions with circular nodes can occur with the free edge 
cone as well as with one having a fixed edge, and hence 
a series of resonances is possible. If the cone is steep, 
which means high velocity wave propagation, and small 
in diameter, the first resonance will occur at a high fre- 
quency, and the action characterized by a series of 
resonances will be confined to a minor part of the essen- 
tial frequency range. Strong resonances in this region 
have not been observed, from which fact the conclusion 
must be drawn that damping in the diaphragm material 
and perhaps also in the material of the flexible edge is 
considerable. 

The difference in the action of the diaphragms may 
be illustrated by the analogy of the behavior of two 
electrical transmission lines when an alternating voltage 
of variable frequency is applied. The free edged dia- 
phragm is like a line short circuited at the end farthest 
from the generator, and the fixed edge diaphragm cor- 
responds to an open circuited line. Current in the line 
is analagous to velocity of motion of the diaphragm. 
Large currents can be sent through the short-circuited 
line at low frequencies, the voltage and line inductance 
determining the current values. No resonance occurs 
until the frequency reaches a value which makes the 
line a half wave length long. Additional resonances 
occur at frequencies two, three, four, five, or more times 
that of the first. In the case of the open-circuited line 
little current flows until the first resonance i8 ap- 
proached, at which the line is a quarter wave length 
long. The higher resonances are at frequencies three, 
five, and all odd multiples of the first. To make the 
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Fig. 31—Corrrr Ringe Inserts to REepDucE IMPEDANCE OF 
Movine Corn 


fundamental resonance occur at a low frequency, the 
line must be long, and constructed in such a way that 
the rate of wave propagation is slow. 


COPPER RINGS TO REDUCE IMPEDANCE 


In loud speakers employing a moving coil drive the 
radiation at high frequency can be increased, if desired, 
by ascheme due to Rice which consists in placing copper 
rings near the moving coil, so disposed that they form 
short-circuited secondaries and reduce the impedance 
of the coil at high frequency. In one coil tested the 
impedance at 4000 cycles was 57 ohms without the 
copper rings and 24 ohms with the rings in place. At 
500 cycles the ohmic resistance of the coil was the princi- 
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pal factor, so that the rings had little effect. Fig. 31 
shows the disposition of rings used for this purpose. 


SPECIAL AMPLIFIER 


As was pointed out by Martin and Fletcher", voices 
and music do not sound natural unless reproduced at 
approximately the original level of intensity, even 
though the reproduction may be free from all wave 
form distortion. In order, therefore, that the full 
benefit of a high grade loud speaker may be realized, 
it is important that the amplifier which goes with it 
should have sufficient capacity to give a natural volume 
or intensity. 

Fig. 32 shows the circuits of an amplifier which has 
proved satisfactory for household service. Two 
U V-216 kenetrons rectify 70 milliamperes at 550 volts. 
The field of the loud speaker serves as filter choke. In 
order that pulsations in the rectified current in the ex- 
citing coil may not cause changes in the air-gap flux and 
thereby produce hum and modulation of the sound out- 
put, the head of the spool on which the field coil is 
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Fic. 32—ReEctTIFIER AND AMPLIFIER CIRCUIT 


wound is made of copper one-fourth inch thick. This 
expedient suggested by Kellogg steadies the flux so that 
there is almost no ripple. About 100 volts are dropped 
in the field coil, leaving 450 volts for the plate supply of 
the U V-210 radiotron which serves as the power tube. 
A bias of about 28 volts is required for the grid, and this 
bias is obtained by dropping 28 volts in a resistance so 
that the filament runs at a mean potential. of + 28 
volts with respect to the negative terminal of the recti- 
fier. This makes the net plate voltage across the tube 
about 422, and the mean plate current is 25 milli- 
amperes. Under these conditions an average U V-210 
radiotron can send 10 milliamperes, r.m.s. value, of 
sine wave current through a 10,000 ohm load without 


17. “High Quality Transmission in Reproduction of Speech 
and Music,” by W. H. Martin and H. Fletcher. Journ. 
A. I. E. E., Mareh, 1924. 

“Physical Measurements of Audilion and their Bearings on the 
Theory of Hearing,” by H. Fletcher. Jour. Franklin Inst., 
Sept., 1923. 
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appreciable wave distortion’. This represents about 


thirty times as much power as the same tube could. 


put out with a plate supply of 120 volts. 


CABINET SET 


Figs. 33 and 34 are views of a laboratory model of a 
cabinet set containing rectifier, amplifier and loud 
speaker. The front of the cabinet acts as baffle. To 
prevent air resonance in the box, the sides and back are 
vented by inserting panels of perforated brass. The 
ammeter shown in the picture is connected to read the 
plate current of the radiotron. Whenever the peak 


Fig. 33—Lasporatory Monet or Casinet SetT—F'Ront VIEW 


values of the voltage applied to the grid of the tube 


exceed the value for which distortionless operation is 
possible the meter needle shows disturbance. If 
roughness commonly termed “blasting” is noticed in 
the reproduction, and if at the same time the meter 


needle kicks, the intensity of the input. should be re-— 
If the meter needle is steady, the fault is - 


duced. 
probably not in the amplifier. 
PSYCHOLOGICAL FACTORS 


Certain experiences connected with testing and 
demonstrating loud speakers of the type we have de- 


Fig. 34—Lasoratrory Mopren or Casinet Srt—Back Vinw 


scribed are of interest. The possession of an instrument 
in which distortion is minimized and whose response 
covers a wide frequency range, transfers the interest of 
the broadcast listener from “‘fishing”’ for distant stations 
to that of trying to find the best program among the 
near-by high grade broadcasting stations, and to en- 


joying the music or speeches themselves. 


18. Design of Distortionless Power Amplifiers, by E. W. 
Kellogg, A. I. H. E., 1925 Midwinter convention. 
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There are, on the other hand, conditions when the 
difference between the loud speaker with a wide fre- 
quency range, and one of the ordinary horn type which 
loses both very high and low frequencies, is not at all 
striking, and the latter may even sometimes be pre- 
ferred. Measurements of sound intensity required for 
audibility!® show that as intensity is reduced, the low 
tones will be lost first, since the threshold intensity 
for example of a 100-cycle tone is of the order of fifty 
times that for a 1000-cycle tone, intensity being ex- 
pressed in sound wave pressure. As a result of this, 
when the reproduction as a whole is very faint, the 
instrument which produces the low tones does not sound 
materially different from one which does not, for even 
if reproduced in the correct relative intensity compared 
with the higher tones, the low tones are below 
audibility. 
js When a radio program is half smothered in static, it 
may sound better through a loud speaker whose re- 
sponse is mainly between 500 and 2000 cycles, than 
through one having a greater range. The energy in 
the incoming static is likely to be almost uniformly 
distributed over the audio frequency range, provided 
the receiving set is not responsible for distortion, where- 
as the range 500 to 2000 cycles includes the major part 
of the essential voice frequencies. Extending the range 
above and below would add to clearness and naturalness 
in the absence of interference, but with heavy static it 
may often bring in enough additional disturbance to 
more than offset the gain. Lack of clearnessmay be less 
irritating to the listener than disturbing noises. Hence 
the enjoyment of the wide range loud speaker is largely 
confined to strong stations or else to times of compara- 
tive freedom from static. A similar observation ap- 
plies to roughness caused by “blasting” from over- 
worked amplifiers or other causes. When any piece of 
acoustic apparatus is worked beyond the maximum 
amplitude for which the output bears a linear relation 


to the input, the resulting wave distortion takes the - 


form of the production of overtones. The rough 
harsh sounds which result are much less noticeable 
with an instrument which cuts off the high frequencies. 
Therefore, if the improved articulation and greater 
detail in music, which are made possible by response 
to high frequencies, are to be a real advantage, we must 
avoid the faults just mentioned in the currents supplied 
to the loud speaker. The logical place to begin is the 
amplifier associated with the loud speaker. This must 
be carefully designed and have ample capacity so that 
there will be little temptation to overwork it. Few 


pieces of apparatus are so frequently worked beyond. 


their proper capacity as loud speaker amplifiers. This 
is natural in view of the initial expense of an adequate 
amplifier, and the desire for volume of sound from the 
loud speaker. ‘With the usual type of loud speaker a 

19. Physical Measurements of Audition and their Bearing 


on the Theory of Hearing, by H. Fletcher, Journ. Franklin 
nst., e t. 1923, Bell System Tech Jour. Oct. 1923. 


RICE AND KELLOGG: NEW TYPE OF HORNLESS LOUD SPEAKER 475 


sight overworking of the amplifier is hardly noticed, 
and rather than provide greater amplifier power, users 
of loud speakers have compromised with low volume 
and some amplifier distortion, and either educated their 
ears to accept the result as good, or else lost interest. 

Another factor bears on the question of amplifier 
capacity. With distortion such as is usual in receiving 
sets and loud speakers the reproduction sounds best 
when weak, perhaps because the distortion is similar in 
some respects to the effects of distance. Use of such 
equipment results in one’s forming the habit of enjoying 
faint music. With more nearly correct reproduction 
of the original music, enjoyment is increased by bring- 
ing the volume up to normal or the intensity to which 
one is accustomed when listening directly. In several 
instances it has been observed that when a loud speaker 
of the new type has been placed in the home of some one 
previously accustomed to a loud speaker of the usual 
construction, at first the listener preferred to keep the 
intensity very low, but after a few days we find him 
working with normal volume. 


OUTPUT MEASUREMENTS 


Sound pressure measurements with constant input 
and variable frequency have been taken with two sam- 
ples of the new type loud speaker, and these in general 
confirm the aural impressions that the instrument covers 
a wide frequency range without the great inequalities 
in output at different frequencies which characterizes 
loud speakers in general. Such measurements, how- 
ever, are likely to be misleading unless extreme pre- 
cautions are taken to avoid certain errors. Up to the 
time of writing the authors have not been able to ob- 
tain measurements under conditions with which they 
were completely satisfied, and it is, therefore, deemed 
best not to publish any of the output data so far ob- 
tained. 
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Discussion 


H. A. Frederick: In reading this paper one cannot but 
wish that some definite standard or method of rating might 
have been employed, so that the results of this investigation 
of many types of loud speakers might be placed quantitatively 
in definite positions on some scale of merit. Since the authors, 
as pointed out in the paper, have not as yet been able to obtain 
satisfactory quantitative measurements with their best designs, 
the readers are not in a position to judge the accomplishment. 
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While these measurements are not simple and are liable to be 
misleading, unless very carefully made, still the same comment 
applies to qualitative judgments by the ear alone. 

In this work, the authors have primarily stressed the obtain- 
ing of a loud speaker giving high quality; that is, one which 
faithfully and without distortion reproduces the sound whose 
electrical counterpart has been fed to it. In striving for this 
result, it is difficult also to obtain efficiency. In the authors’ 
analysis of the problem they have largely sacrificed considera- 
tions of efficiency. For example, the “inertia control’ used 
in their design involves a diaphragm 90 deg. out of phase with 
its driving force or, in other words, low power factor. They 
have also neglected motional reactions of the mechanical sys- 
tem on the electrical as well as transition losses due to the con- 
nection of vibratory systems of different impedances. The 
analysis as a result is limited in its field of application. It 
is probable, on the other hand, that improvements to overcome 
such losses will be effected and that they will make possible 
loud speakers of high quality which will also be of materially 
higher efficiency than those now, available. 

Another phase of the loud-speaker problem which would 
seem to warrant consideration is the load capacity. This, of 
course, must be defined in terms of sound-power output. A 
loud speaker, to be satisfactory for certain very important 
classes of service, must be capable of giving out a very consider- 
able amount of sound without having the relation between out- 
put and input depart from a linear characteristic. In rating the 
various types studied it would be of interest to know how they 
were found to compare on this score; also, it would be of interest 
to know what were the limits of output found for these most 
promising designs and whether magnetic or vibratory, namely, 
mechanical limitations were first encountered or whether heating 
of the coil limited its output. 

In the favored design, the size of the baffle, of course, sets a 
lower frequency limit while the size of the cone and its rigidity 
set a higher frequency limit. It would be of interest to know 
where these two limiting frequencies were to be found. 

Near the end of the paper, it isstated that the stiffness of a mag- 
netic-type motor system can be decreased by weakening the 
polarizing magnetic system. As pointed out by Hannal, the 
polarizing field gives rise to what might be termed a negative 
stiffness since it acts in opposition to the mechanical stiffness 
of the system and, therefore, has the opposite effect to that stated. 

The authors state that “if a strong magnetic field is provided, 
the coil drive gives greater sensitivity than the iron-armature 
drive.””’ I would like to ask if they would explain a little 
more in detail just what is meant by sensitivity, and how 
this conclusion was reached. It would seem that the magni- 
tude of the mechanical force and the mass, as well as the elec- 
trical impedanee and current, would have to enter a satisfactory 
expression for sensitivity. 

In the article appears the statement that ‘‘four times the 
power is radiated with the baffle as with the back enclosed.” 
Is the conclusion based on theoretical grounds or was it deter- 
mined entirely by observation? 


The referenee to the resistance-controlled type as being of 
only “theoretical interest’? might perhaps appear to under- 
estimate its importance since any loud speaker to have high 
efficiency must be largely resistance-controlled, the resistance 
coming from useful radiation of sound into the air. 


B. F. McNamee: The loud speakers which have been on 
the market using a movable coil system are supplied (as I 
suppose this one is) with a field current, usually from a storage 
battery. I believe that such loud speakers have met with a 
certain amount of sales resistance, due to that fact. Especially 
where dry-cell tubes are popular, a source of field current is not 
very readily available. I would like to ask how permanent 
field magnets would work out in this case, or what other provision 
has been made. 
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V.E. Thelin: In endeavoring to get quality of tone, I have 
adapted a Western Electric unit to a talking machine which 
has a wooden tone arm, as well as a wooden horn, and I attribute 
the fact that the so-called horn effect had disappeared to a 
considerable extent, to this wooden construction. I compared 
this combination with a new speaker of the parchment-cone 
type, and an adaptor type unit of another manufacture. I 
noticed that the Western Electric unit and the parchment type 
speaker gave the same volume and tone quality and it was 
difficult to tell them apart when they were operating at the same 
time. The adaptor type, however, changed the quality con- 
siderably and on the low notes of the piano it was very mushy. 

It seems to me that there is a large field for the amplifier unit 
demonstrated here today. With a unit of this kind; it, no doubt, 
would be possible to take a phonograph record, and using a 
needle which has practically no scratching, and, therefore, has 
perfect tone, but whose music is too soft to be heard in the horn 
of the talking machine, and amplify it to a considerable volume 
but still retain the perfect tone quality. In this way it would 
be possible to preserve the music of the present-day artists on 
the radio and hear this music many years to come. 

I would like to ask Mr. Kellogg if the baffle need be of a certain 
kind of material for obtaining the best results. 

R. S. Glasgow: The authors mention the Hewlett type of 
loud speaker in their paper and point out that one of its dis- 
advantages is the long air-gap that the radial magnetic field 
has to traverse, with the result that considerable energy is 
required for excitation purposes. 

I would like to know whether the quality of reproduction 
would be effeeted by the substitution of a thin iron diaphragm 
in place of the non-magnetic materials that are usually employed. 


A. Nyman (by letter): The conclusion the authors have 
drawn from physical considerations is that the resistance 
control is the ideal for loud speakers; meaning, of course, by the 
resistance control any control which is proportional to the 
velocity of the movement of the sound-generating surface. 
From the ordinary physical consideration the loud speaker can 
be regarded as an ordinary electric motor with certain peculiar 
load conditions capable of giving resonance at certain frequen- 
cies, elastic control below that frequency, and inertia control 
above that frequency. It is quite evident that a motor of 
this type would operate most satisfactorily if the elastic control 
and the inertia control could be so small as to be negligible com- 
pared to the actual load output. Considering the loud speaker 
from this point of view, it is also evident that if a loud speaker 
can be designed with a large efficiency that the resistance control 
will naturally follow. 

The problem therefore comes down to the design of a sound- 
producing structure of such a nature that the energy input 
from the electrical instrument is converted largely into sound 
energy and only a very small percentage into elastic or inertia 
energy. It is also evident that a large horn properly designed 
in such a way as not to have any permanent resonant character- 
istics would form an ideal load on the loud speaker, but involves 
an unwieldy mechanical structure. It has to be quite long 
before it is suitable. The attempts carried out by thé experi- 
menters, using large conical diaphragms apparently discloses the 
fact that it is difficult to construct a large conical diaphragm that 
will avoid irregular movements and local resonance difficulties. 

In future, the development will be probably in this direction; 
that is, the construction of a mechanical structure for radiating 
sound in the space. 


Even under the best-conditions the energy that can be radiated 
into the air with an average loudness of sound is quite small. 
From this it follows that the restoring force, due to the elastie 
control should be small, and the inertia foree should be also 
small. This condition naturally leads to a low-frequency 
structure, but consisting of light enough parts to be capable of 
responding to high-frequency currents. The writers of this 
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paper achieved this object by the construction of a moving-coil 
unit with a practically floating diaphragm, and a consequent 
natural frequency of around 100 eyeles. It is, however, possible 
to achieve frequencies as low as this with the ordinary electro- 
magnetic types of loud speakers, both the steel-diaphragm type 
and the moving-armature type. 

In either of these types there are two forces opposing each 
other under normal operative conditions. These forces are the 
elastic forces in the diaphragm, and the magnetic pull of the 
magnets. Now, it is possible to adjust the relation between 
these two forces in such a way that the difference be- 
tween them is quite small. The resulting natural frequency 
of the whole system is consequently also very small. This can 
be done without any sacrifice on the part of the strength of 
magnetization. As a matter of fact, it is necessary to choose 
a rather soft diaphram on the moving-iron type in order to 
achieve this magnetic balance. 


So 
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The sound-pressure measurements to which the writers 
refer at the end of the paper are undoubtedly still in a rather 
imperfect stage and can only afford comparative information 
on different types of loud speakers. It should be borneinmind, 
however, that under the best conditions the sound-pressure 
measurement will not give the complete information on a loud 
speaker. It is possible to choose a fairly resonant loud-speaker 
unit and a fairly resonant sound-diaphragm system, which in 
combination would give sound pressure measurements of almost 
constant value at different frequencies. However, this loud 
speaker will not necessarily give good musical or speech repro- 
duction. There is a phenomenon which may be described as 
persistance of sound in all musical instruments; it has the same 
effect as the reverberation in large auditoriums, and is caused by 
the fact that resonance condition exists. This persistence 
causes the sound to continue radiating from the sound-distrib- 
uting structure after the loud speaker has ceased to produce 
this sound. Of course, if the following note is of a different 
frequency from the persisting note, and possibly of a frequency 
causing a musical dissonance, the resulting sound would have a 
jarring effect in a musical composition. This phenomenon, 
which is not very well known, and as far as I know, has not been 
investigated by physical measurements, is however quite pro- 
nounced, and if precautions are taken to eliminate it, a consider- 
able improvement in sound quality is possible. 

J. P. Minton (communicated after adjournment): In a 
series of popular articles appearing during the past year in 
the Wireless Age I have pretty well covered the whole field of 
the ear, the voice and the loud speaker up to the present moment, 
As a result of this study and experimentation it is clear to me 
that up to the time, the loud speaker, in spite of improvements, 
has failed to give entirely satisfactory reproduction. Until the . 
appearance of this new loud speaker, this device has been the 
weakest link in radio. In this respect radio has suffered in the 
past the same limitation that the phonograph has existed under. 
In phonograph reproduction the sound box and its associated 
horn were the weakest links. Recording was developed to an 
extent which made it possible to get into the record much more 
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than the sound box and horn were able to give out. Ina sense, 
radio reception has existed under the same impediment. How- 


ever, radio originally was developed entirely for the transmission 
of intelligence and not for that of pleasure and entertainment. 
The requirements and sustaining forces in the two eases, there- 
fore, were quite different. Accordingly, radio was developed 
to a high degree of perfection while the phonograph has not 
been so highly developed. 

When radio broadeasting and reception came into existence. 
the already highly developed state of radio made possible the 
rapid growth of this new form of entertainment and education. 
The loud speaker had to be injected into this picture. Its use 
had previously been limited to certain fields of not very great 
importance. It had not received very serious consideration 
up to this point. Phonograph quality was quickly attained by 
use of horns of various sizes and shapes to which were attached 
units of the usual types. This stage was a temporary one, but 
it has existed for four or five years. In the meantime, a great 
deal of fundamental research was undertaken and now as a result 
of this work the loud speaker has been brought to a point where 
its performance is such as to make possible the reproduction of 
the original with an exactness astonishing to all of us. 

As the authors have indicated the development has gone 
through a number of stages and in addition to their own excel- 
lent contribution to this work much eredit for the gradual 
evolution of the loud speaker is due to many other workers in 
this and the allied fields of voice, ear and music analysis. Among 
the names of those who have contributed most from the funda- 
mental point of view to this work will be found Rapleigh, Lamb, 
Webster, Stewart, Miller, Foley, from our universities and from 
our industrial research laboratories will be found such men, in 
addition to the present authors, as Hewlett, Slepian, Hanna, 
Fletcher, Wegel, Crandall, Maxfield, Goldsmith, Ringle, 
Wolff, Kranz and others. 

From the scientific point of view it will be interesting to show a 
group of six curves which may represent the evolution of the 
loud speaker. The ordinates in these curves are proportional 
to sound pressures and the abscissas are frequencies divided 
by 1000. During the early stages (say 1921) of broadcasting, 
Curve 1 may represent an average loud speaker. .Curve 2 
may represent the state of the art in 1922. Curve 3 represents 
what was obtainable for 1923, Curves 4 and 5 for 1924 and Curve 
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6 for 1925. These curves represent a steady progress in four 
or five directions. First, extension of the range of response to 
include both higher and lower frequencies. Second, uniformity 
of response, or the gradual elimination of the sharp peaks and 
depressions. Third, more nearly equal response at all fre- 
quencies. Fourth, reduction of non-linear distortion. Fifth, 
introduction of pure low-frequency response. 

Curve 6 represents the performance of the new Rice-Kellogg 
loud speaker. The curve was taken close up to the loud speaker 
so that the characteristics of the vibrating system itself, actuated 
by a constant force, would be obtained. The loud speaker covers 
quite affectively a frequency range extending from 100 to 
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7500 and perhaps 10,000 eyeles. The response is quite uniform 
compared with all other types of loud speakers and this new 
speaker gives an exceedingly small amount of non-linear response 
and therefore small distortion compared with all other loud 
speakers. 

I wish to eall attention to the fact that Curve 6 does not indi- 
cate complete agreement between the theory based on inertia 
action and the response at various frequencies. If the cone 
followed this simple theory then the response as measured by 
sound pressure should be constant at the various frequencies. 
Now, in this particular sample tested the response rises abruptly 
at 100 eyeles; it also falls off abruptly above 6000 or 7000 cycles; 
there is also quite a marked depression in the region of 2000 
eyeles and a minor one at 4000 cycles. Iam quite inclined to the 
view, therefore, that, in addition to the inertia-controlled motion 
which the authors seem to favor, there are also present to a 
marked extent flexural vibrations which, due to circular and 
diametral nodes of motion, corresponding to a plane membrane, 
produce the characteristics as indicated by the curve. We have 
studied these types of motion, for somewhat larger cones than 
the 6-in. one adopted by the authors, both theoretically and 
experimentally, and have found very curious nodes and interest- 
ing data which will prove of considerable practical value. At 
a later date we hope to have the opportunity to present these 
results. 

E. W. Kellogg: Mr. Frederick has called attention to the 
fact that an inertia-controlled diaphragm implies a low-power- 
factor system, or one in which force and motion are nearly in 
quadrature, and therefore only a small fraction of the driving 
force is expended in the useful work of producing sound radia- 
tion. I have made a calculation which indicates that the effi- 
ciency of the loud speaker described in our paper is of the order 
of one per cent, which, it must be admitted is low, but compares 
very well with that of other loud speakers. 


It may be of interest to review the possibilities of a sound 
reproducer in which the diaphragm motion is in phase with the 
driving foree. Such a condition obtains when a diaphragm is 
in resonance, and efficiencies of 50 per cent or more are probably 
possible at a single frequency, using a resonant diaphragm. 
But when we impose the requirement of substantially constant 
efficiency over a frequency range of 100 to 5000 cycles, we must 
forego the benefits of resonance.. The resistance-controlled 
diaphragm will have the correct radiation characteristic, 1—if 
it is large enough compared with the longest waves to give 
plane wave radiation, or 2—if it is used with a properly designed 
horn. For efficiency, the force which resists motion must be 
due to the air reaction on the diaphragm. In free space this 
air reaction is very small, and if it is to be large compared with 
diaphragm inertia or elastic forces, an extremely light and flexible 
diaphragm must be used. Such a diaphragm must be actuated 
by a uniformly applied force. Electrostatic loud speakers have 
been built with large-area diaphragms of very light material, and 
these have probably had quite high efficiency, if we define 
efficiency as the ratio of sound power output to electrical power 
input. But unfortunately we have to pay for the total volt- 
amperes supplied rather than simply for the electrical power, and 
the electrostatic loud speaker has a very low electrical power 
factor. 


The ease for the horn-type loud speaker has been discussed 
by Messrs. Hanna and Slepian!. By means of the horn the 
air reaction on the diaphragm can be increased to a point where 
it will effectively damp the motion of as stiff and heavy a dia- 
phragm as is commonly employed in loud speakers. Thus a 
magnetically driven diaphragm may be used with resistance- 
controlled motion, or with a unity-power-factor relation between 
force. and velocity. But a magnetie drive has good efficiency 
only when the motional impedanee is a large part of the total 
impedance, or in other words, when as in the case of an electrie 
motor, most of the impressed voltage is used in overcoming the 
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counter electromotive force due to armature motion. A study 
of the motional impedance of magnetic telephones shows that 
only in the neighborhood of a resonance frequency is the motional 
impedance considerable compared with the resistance and induet- 
ive reactance, and if sufficient damping is introduced by the air 
reaction on the diaphragm to give substantially uniform response 
over a wide frequency range, the motional impedance becomes 
very small at all frequencies. This probably explains the facet 
that no horn-type loud speaker which we have tested shows any 
greater average efficiency than our inertia-controlled paper cone. 
I do not despair of considerably greater efficiencies being ulti- 
mately obtained in loud speakers, but from the standpoint of 
present progress in the art of sound reproduction, I do not believe 
that the adoption of inertia-controlled diaphragms can be con- 
strued as a step in the wrong direction. 

Mr. Frederick raised the question of load capacity. The 
moving-coil drive has a distinet advantage over the iron-arma- 
ture drive on thisscore. With the cabinet-set amplifier described 
in the paper, our loud speaker can easily reproduce vocal solos 
with the original sound volume, or can reproduce a piano selee- 
tion as it would be played in a drawing room, though perhaps not 
with the maximum loudness that would be used in a large con- 
cert hall. The limit of loudness is set by distortion in the 
amplifier rather than in the loud speaker. In fact the latter 
will handle all the output which can be obtained without dis- 
tortion from a U. V. 211 radiotron (50 watts oscillator rating) 
with a 1000-volt plate supply, or eight times the power obtain- 
able from the cabinet-set amplifier. 
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7—Braun-TuBE Recorps or SouND WAVES 


In stating that working with a-weak magnetic field makes 
possible a lower net restoring force in the case of an iron-armature 
driving element, we made the assumption also made by C. R. 
Hanna in his January 1925 I. R. E. paper, that the magnetic 
reduction of stiffness cannot be more than a certain fraction 
(say 50 per cent) of the spring stiffness. 

In comparing two loud speakers, we have rated the one as 
more sensitive which would produce on the average more total 
sound output from a given vacuum-tube source, both instruments 
being equally fitted to the tube impedance. In saying that the 
moving coil gives greater sensitivity than the iron-armature 
drive, we are reporting our experience with these types of drive 
as applied to paper-cone diaphragms. 

Mr. MeNamee asks about the use of permanent magnets for 
the field. When the loud speaker is combined with an amplifier, 
the dynamic field is hardly a drawback since the field winding 
acts as a necessary filter choke. We have done some experi- 
menting with permanent magnets, but have not, up to the present 
succeeded in obtaining an adequate field for a moving-coil 
instrument without a very heavy magnet system. 

Mr. Thelin asked about the material of the baffle. It should 


1. The Function and Design of Horns for Loud Speakers, by C. R. 
Hanna and J. Slepian, Journat A. I. E. E., March 1924, page 250. 
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be stiff and heavy enough so that it will not readily be set in 
vibration by the air pressure. Wood, pressboard, and similar 
materials are satisfactory and convenient to use. 

The question has been asked whether an iron diaphragm would 
increase the sensitivity of a Hewlett loud speaker. Dr. Hewlett 
found no gain from the use of iron, but instead, a distinet loss 
as compared with copper or aluminum. The increased flux 
density must be around, rather than in, the conductor in order to 
increase the force. 
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I am submitting as part of the discussion some sound-pressure 
curves which we haverecently obtained. The measuring arrange- 
ments were stillin the developmental stage when these curves were. 
taken, and a high degree of accuracy is not claimed. In fact in 
acoustic measurements so great are the difficulties encountered that 
a measurement that can be trusted to be within 50 per cent of the 
correct value might be regarded as highly satisfactory. In the 


RICE AND KELLOGG: NEW TYPE OF HORNLESS LOUD SPEAKER 


479 


present case a condenser transmitter, with amplifier, detector, 
and galvanometer, was used for measuring sound pressure. 
The amplifier, detector and galvanometer system was calibrated 
by introducing a measured low voltage in series with the con- 
denser transmitter. The condenser transmitter was similar in 
construction to that described by F. C. Wente in the Physical 
Review, July 1917, and May 1922, A ealibration of the condenser 
transmitter was made by actuating its diaphragm by means of a 
special, laminated-pole telephone magnet held 1/16 in. from the 
diaphragm, the force being assumed to be proportional to the 
current through the coils. This does not give an absolute 
calibration, but should show any radical departure from the 
shape of the curve given in the Physical Review article already 
mentioned. 

In loud-speaker tests it is important to guard against the 
error of crediting sound radiated in harmonies to the fundamental 
frequency. For example, if an instrument is supplied with a 
200-cycle alternating current, and it happens to be one hundred 
times more sensitive at 400 and 600 cycles, than at 200, then a 
very small percentage of harmonics in the supplied current, 
plus harmonies produced in the instrument itself may give rise 
to a much larger radiation of 400- and 600-cycle sound than of 
200-eyele sound. If the sound-measuring apparatus measures 
total r. m. s. pressure independent of frequency, considerable 
sound pressure will be indicated, and this would naturally be 
assumed to be 200-cycle output pressure. 


To make sure that no serious error arose from this source, 
a Braun-tube oscillograph was set up. Between one pair of 
plates, a voltage was impressed, proportional to the current 
supplied to the loud speaker while a voltage from the condenser- 
transmitter amplifier, proportional to the sound pressure, was 
impressed across the other pair of plates of the Braun tube. If 
both voltages are sine waves, the figure which appears on the 
sereen is an ellipse or an inclined straight line. Harmonies in 
one of the voltages result in deformations of the figure. In the 
present measurements, the oscillograph figure was watched 
throughout the entire range of frequency, and tracings were 
made of all the figures which were seriously distorted. In no 
case was it found that the harmonies carried more than 25 per 
cent of the energy of the fundamental in the output sound wave. 
Several samples of Braun-tube figures are shown here in Fig. 7. 


The next serious problem in the testing of loud speakers 
results from the fact that the curve of sound pressure vs. fre- 
quency, changes in shape with change of microphone position. 
Which of the many possible positions will give a curve best 
representing what listeners on the average will hear? It would 
seem logical to avoid the irregularities due to standing waves in 
the room, and give a curve in which the sound pressure shown 
is a measure of the total sound power output. An approximation 
to this is obtained by averaging the square of the sound pressure 
over a considerable space by moving the microphone rapidly to 
and fro during each reading. Facilities for moving the micro- 
phone or transmitter in this manner were not available in our 
case and as an alternative, several curves are shown in Fig. 8 
for different transmitter positions. The high or low regions 
which are common to all three curves may be interpreted as 
indicating large or small output from the loud speaker, while the 
irregularities which are different in the different curves are 
principally room effects. It will be noticed that the curves taken 
with the transmitter directly in front of the loud speaker show a 
marked increase in sound pressure above 2300 cycles. The 
instrument, however, has rarely been criticised on listening 
tests as having too much high-frequency output. The curve 
taken with the transmitter to one side, does not show such an 
excess of high tones. Evidently then the high sound pressures 
recorded in the upper frequency range are due in part to the 
concentration of the sound in a forward beam. The curves of 
Fig. 9 were taken by moving the transmitter in a circle and © 
recording the sound pressure every 30 deg. They show the 
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radiation at 4000 cycles to be sharply directed forward whereas 
at 400 cycles there is only a slight depression at the side due to 
interference between the waves from the front and back of the 
diaphragm. In totalsound radiated, therefore, the excess of high 
frequencies is only slight. If high frequencies are lost in the 
transmitting or receiving systems, the listener prefers to take 
a place directly in front of the loud speaker, so as to get the full 
benefit of what is left, while if articulation is good, but there are 
roughnesses, or high-frequency disturbances present in the 
currents fed to the loud speaker, the listener will sit to 
one side. 

It is probable that the frequency of 2300 eycles, where the 
forward projected sound begins to increase, marks the transition 
between the two modes of action of the cone. Below this 
frequency it acts as a unit or plunger while at higher frequencies 
there is wave action with some resonances. The depression in 
the region of 2300 cycles may correspond to the droop in the 
ealeulated curve in Fig. 10. This lends support to the belief 
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that practical plunger action is maintained up to 2300 cycles. 
In the upper range, irregularities in the response may be expected 
not only from resonance in the cone, but also from the fact that 
the cone depth is appreciable compared with the sound wave 
length, and, therefore, the diaphragm no longer radiates like a 
flat plate. 

The loss of output below 200 cycles is due to a decrease in the 
driving foree. If the current through the moving coil is held 
constant the output sound pressure is practically the same at 80 
as at 200 eyeles, but in the curves shown here, it is the voltage 
supplied to the first stage of the amplifier which is maintained 
constant. The current through the moving coil then changes 
with changes in the coil impedance. This impedance rises 
from about 17 ohms at 200 cycles to over 80 ohms at 80 cycles 
and the consequent decrease in coil current results in reduced 
driving force and reduced sound output. The rise in impedance 
is due to the motion of the coil, which with inertia control be- 
comes very large at low frequency. 
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Synopsis.—A device has been developed by the Bell System for 
suppressing ‘‘echo”’ effects which may be encountered under certain 
conditions in telephone circuits which are electrically very long. 
This device has been given the name ‘‘echo suppressor’ and 
consists of relays in combination with vacuum tubes, which are 
operated by the voice currents so as to block the echoes without dis- 
turbing the main transmission. 

This paper gives a brief description of this device, together with a 
discussion of its possibilities and limitations. A number of echo 
suppressors have been operated on commercial telephone circuits for 


INTRODUCTION 


N designing telephone circuits which are electrically 
very long, an important problem is presented by the 
necessity of avoiding serious ‘‘echo” effects. Echo 

effects are caused by reflections of voice waves which 
take place whenever electrical irregularities are encoun- 
tered in telephone circuits. The effects produced are 
very similar to echoes of sound waves. Some of the 
reflected waves return to the receiver of the talker’s 
telephone so that if the effects are severe, he may hear 
an echo of his own words. Other reflected waves 
enter the receiver of the listener’s telephone and, if 
severe, cause the listener to hear an echo following the 
directly received transmission. 


Reflections of voice waves occur in all practical 
telephone circuits. It is only in telephone circuits of 
such length as to require a number of repeaters, how- 
ever, that echo effects become serious. The fact that 
the circuits are electrically very long makes the time lag 
‘of the echoes appreciable. At the same time, the tele- 
phone repeaters overcome the high attenuation of 
these long circuits and, consequently, make the echoes 
louder. The seriousness of the effect is a function 
both of the time lag and the volume of the echoes rela- 
tive to the direct transmission. 


A brief discussion of these echo effects was given in a 
paper® presented before this Institute about two years 
- ago, and in a later paper* some examples of their rela- 
tive effects in practical telephone circuits were given. 
In these papers the importance of keeping electrical 
irregularities within proper limits was pointed out as was 
also the advantage gained by using circuits having a 
high velocity of propagation so that the lag of the echoes 
is reduced. 


1. American Telephone and Telegraph Co., New York City. 
2. Bell Telephone Laboratories, Inc., New York City. 


3. ‘‘Telephone Transmission over Long Cable Circuits” by 
A. B. Clark, Trans. A. I. BE. E., Vol. XLII, 1928, p. 86. 


4. “Telephone Transmission over Long Distances’? by 
H. S. Osborne, Trans. A. I. E. E., Vol. XLII, 1923, p. 984. — 


Presented at the Spring Convention of the A. I. E.. E., 
St. Lowis, Mo., April 13-17, 1926. 
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As a supplement to these methods, a device to which 
has been given the name “echo suppressor’ was de- 
veloped by the Bell System, along lines suggested by 
John Mills’. In all practical telephone circuits involy- 
ing more than a single repeater there are points where 
the transmission in the two directions passes through 
two separate paths. At these points the direct trans- 
mission passes through one path while only reflected 
currents or echoes pass through the other. The echo 
suppressor is located at one of these points. In this 
device, the voice currents, with the help of vacuum 
tubes, are caused to actuate relays which cut off the 
echoes in the return path without disturbing the other 
path through which passes the main transmission. 


This paper, after briefly reviewing the nature of 
echo effects in four-wire circuits, explains, in a general 
way, how an echo suppressor functions on such a circuit. 
The four-wire echo suppressor is then described to- 
gether with some variations in its design for use under 
special conditions and with other circuits. This is 
followed by a discussion of the possibilities and limita- 
tions of echo suppressors, both on four-wire and other 
types of telephone circuits. 


REVIEW OF NATURE OF ECHO EFFECTS IN FoUR-WIRE 
CIRCUIT 


Fig. 1 illustrates the way echo currents may be 
set up and circulate in a four-wire circuit. In this 
figure, a shows a four-wire circuit in diagrammatic 
form. The squares at the extreme right and left are 
intended to represent the telephone sets used by two 
subscribers at the terminals W and E. The squares 
marked N represent electrical networks which simulate 
or balance, more or less perfectly, the impedances of the 
two telephone lines terminating in the instruments at W 
and EF. In the four-wire circuit, the squares with 
arrows represent one-way repeaters. At each terminal 
the two separate one-way circuits comprising the four- 
wire circuit are joined together by means of the familiar 
balanced transformers. When W talks, the transmis- 


5. U. S. Patent No. 1,434,790, John Mills, ‘““T'wo-Way 
Transmission with Repeaters.” Issued Nov. 7, 1922. . 
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sion passes directly to H over the upper pair of wires in 
the four-wire circuit, while, when FH talks, the direct 
transmission passes over the lower pair of wires. 

Below the diagram of the four-wire circuit is given 
another diagram, b, showing the path of the direct 
transmission as well as the paths of the echoes which 
are set up when W talks to E. The heavy line in the 
diagram represents the path of the direct transmission 
through the upper pair of wires in the four-wire circuit. 
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In a practical four-wire circuit it might require, say, 
0.05 second for the voice currents to make this journey. 
This would be the case if the four-wire circuit were 
1000 miles (1600 km.) long in cable with extra-light 
loading—coils of 0.044 henry spaced 6000 feet (1.8 km.) 
apart. Cable circuits loaded in this way have a velocity 
of propagation of about 20,000 miles (82,000 km.) per 
second. 

When the voice currents reach the distant end of the 
four-wire circuit, the larger part goes to the listener 
at E. If the balance between the line and network at 
the distant terminal is not perfect, however, a portion 
of the currents will travel back over the lower pair of 
wires toward W asanecho. This echo will, in the case 
assumed, reach the receiver of the telephone at station 
W, 0.1 second after the original voice wave is impressed 
on the line at that station. The path of this echo is 
labeled ‘‘Ist Talker Echo.” It is evident that if this 
echo is loud enough it may seriously distract the talker. 

If the balance between the line and the network at 
Station W is also not perfect, part of this first echo will 
travel back over the upper pair of wires to Station EF, 
the path of this echo being labeled ‘‘1st Listener Echo.” 
The listener at E' will hear this echo, if strong enough 
to be audible, 0.1 second after he hears the direct 
transmission. Evidently, if this echo is sufficiently 
loud as compared to the direct transmission, it will 
cause difficulty in understanding. 

When the “Ist Listener Echo” arrives at the end of 
the four-wire circuit, there is still another reflection of 
part of the current which occurs producing the “2nd 
Talker Echo.” 
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This process is repeated, producing successive 
echoes which are received at both terminals W and E as 
indicated, the successive echoes getting weaker and 
weaker. 


ACTION OF EcHO SUPPRESSOR ON FouR-WIRE CIRCUIT 


An echo suppressor will now be applied to the four- 
wire circuit and consideration given to its action and to 
its effect on the echoes. Fig. 2 shows a four-wire cir- 
cuit which it will be assumed is exactly like the one 
shown in Fig. 1, with the exception that an echo sup- 
pressor has been applied to it. As before, the diagram 
a shows the four-wire circuit, while, below this, another 
diagram b shows the paths of the direct transmission 
and of the echo. 

In Fig. 2a the echo suppressor is shown in very simple 
diagrammatic form. It will be described later in detail. 
For the present it is sufficient to explain that the echo 
suppressor consists of two similar high-impedance 
vacuum tube amplifier-detectors bridged across the 
two sides of the four-wire circuit, each amplifier-detector 
having associated with it a relay which operates when- 
ever alternating voltage of sufficient strength is im- 
pressed across the input. The operation of either relay 
places a short circuit across the side of the four-wire 
circuit opposite to the one to which the input of its 
particular amplifier-detector is connected. This short 
circuit blocks the transmission flowing in one side of 
the four-wire circuit and, at the same time, renders the 
other amplifier-detector inoperative. 

Normally, the contacts of the two relays are open, 
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so that talking may be done in either direction over the 
circuit. When W begins to talk, the condition illus- 
trated in the figure is produced. W’s voice currents, 
when they reach the middle of the circuit, cause the 
relay associated with amplifier-detector W-H to operate, 
thus placing a short circuit across the lower pair of 
wires in the four-wire circuit. The direct transmission 
from W to E is not affected at all, passing on to Station 
E where it is heard by the listener. The echo, which 
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starts back from Station E, travels toward Station W 
as far as the point where the echo suppressor is con- 
nected to the circuit. It is stopped there, however, 
by the short circuit which the echo suppressor has 
applied. 

In the same way, when E talks, his voice currents 
actuate the amplifier-detector marked E-W and apply a 
short circuit to the upper pair of wires, thus preventing 
the passage of the echo current around the circuit. 

The circuit shown in Fig. 2a is one of the more 
convenient for satisfying the fundamental operating 
conditions of an echo suppressor. These may be stated 
as follows: When no one is talking, free paths should 
exist for transmission in either direction and each sup- 
pressing relay should be ready to act at the passage of 
speech over the side of the circuit with which it is as- 
sociated. When speech passes in one direction over the 
circuit the resulting operation of the corresponding half 
of the suppressor should not only interrupt the contin- 
uity of the opposite side of the circuit, but at the same 
time prevent the other half of the suppressor from 
functioning. The latter condition is desirable as 
otherwise the returning echo might have enough energy 
at times to operate the opposite part of the suppressor 
circuit and so interrupt the direct transmission. Out- 
side of this restriction the selection of the points from 
which the echo suppressor input currents are de- 
rived and the points at which the relay control functions 
are applied is governed only by such considerations as 
economy of apparatus and convenience. In general, it 
is the more economical arrangement to have a single 
relay, which interrupts the path through which the 
echoes return, also remove the speech input from the 
suppressor by such a relative association of parts as 
shown in Fig. 2a. 

It will be noticed that, as a finite time is needed 
for the switching operation, there is a possibility, if the 
two subscribers begin talking simultaneously, of both 
halves of the suppressor being operated together and 
remaining operated, with both sides of the circuit cut 
off, for a time equal to the release time of the relays. 
However, for the times of operation and release, which 
are found desirable from other considerations, it has 
been found that no apparent difficulty has been caused 
by this effect. 

Because of the fact that an appreciable time is re- 
quired for the voice currents to travel, it will be seen 
that exceedingly fast operation of the relays is not 
necessary. In the example given, if it is assumed that 
the echo suppressor is connected to the circuit at its 
midpoint, the echo requires 0.05 second to reach the point 
where the short circuit is applied, after the voice cur- 
rents reach the input of the amplifier-detector. The 
echoes will be cut off by the relays, therefore, even if the 
latter require as long as 0.05 second for operation. If 
the echo suppressor is nearer to the end of the four-wire 
circuit this operating time would need to be somewhat 
shorter. In practical four-wire circuits it is seldom that 
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an operating time shorter than about 0.02 second is 
required. It is an easy matter to secure this speed of 
operation with standard telephone relays. 

The diagram also shows that, in order to completely 
cut off the echo, the echo suppressor relay must not 
open, after talk ceases, until the complete train of 
echoes has reached the point where the short circuit is 
applied. In the example given, the length of time re- 
quired to reach the point where this relay applied the 
short circuit after the voice currents pass the input of 
the amplifier-detector is 0.05 second. It is seldom that 
this lag is greater than 0.1 second in practical four-wire 
circuits. 

It is seen from the two above paragraphs that it is 
desirable for a four-wire echo suppressor to possess a 
moderately short operating time and a longer releasing 
time. How this is accomplished will be described in 
what follows. 


DESCRIPTION OF FOUR-WIRE ECHO SUPPRESSOR 


In Fig. 3 is shown a circuit diagram of one-half of the 
echo suppressor, which is shown complete but in less 
detail in Fig. 2a. It consists of two vacuum tubes 
operating in tandem, the first functioning as an ampli- 
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fier and the second as a combined amplifier and 
detector. 
As was shown in Fig. 2a the voltage impressed on this 


-amplifier-detector combination is derived from speech 


currents passing over one side of the circuit, while there- 
lay controlled by this combination short-circuits the 
other half of the circuit. 

The voltage input to the amplifier tube is supplied 
through a transformer which is broadly tuned by series 
condensers to produce a circuit efficient at the more 
important voice frequencies but inefficient at other 
frequencies, particularly below 500 cycles’ per second. 
The circuit thus functions to minimize the effect of 
noise currents on the operation of the relays. Like- 
wise, in the interstage transformer coupling, emphasis 
has been placed on securing the maximum voltage 
step-up to the detector grid in this same. frequency 
region. To avoid any harmful reaction upon the trans- 
mission characteristics of the main circuit which might 
result from bridging on an input circuit whose impe- 
dance varies so greatly over the speech frequency range, 
this circuit is arranged to have a high impedance. The 
input transformer is also provided with a series of taps 
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on one of the windings, thus affording a simple means of 
varying the sensitivity of the device. 

The detector tube is operated with a sufficiently large 
negative grid potential to reduce its space current to 
zero, or nearly so, when no input is applied to the cir- 
cuit. Accordingly, relay A which is connected in the 
plate circuit is normally in a released condition. When 
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4— INSTALLATION AT HARRISBURG, Pa. 


speech currents are applied to the circuit the voltage on 
the grid of this tube fluctuates. Those variations which 
make the grid more negative produce no effect but those 
which make it more positive allow pulses of current to 
pass through relay A, tending to operate it. A con- 
denser is bridged from plate to filament of this tube, the 
purpose of which is to average these rectified half waves 
of applied speech so as to insure smooth and positive 
operation of the relay. 


When speech is applied to the circuit the resulting 
operation of relay A does two things. It causes the 
operation of relay C by connecting a ground to one of 
its windings, and it likewise operates relay B. The 
operation of relay C short circuits the opposite line. 
The time required for the operation of relay C, in re- 
sponse to ,a sustained alternating e.m.f. suddenly 
applied to the input of the amplifier detector, is about 
0.02 second. As pointed out above, operation in 
this length of time takes care of conditions in the large 
majority of cases encountered on four-wire circuits. 

The function of relay B is to provide a delay in the 
release of relay C after speech has ceased to be applied 
to the suppressor circuit input and relay A has released. 
Its operation in response to that of A, it will be noticed, 
connects ground to a second winding on relay C which 
will then in turn remain operated as long as the relay B 
maintains this auxiliary current after the relay A has 
released. Relay B is made slow releasing by an auxil- 
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lary winding closed through a low resistance, and its 
time of release can be adjusted over a considerable 
range to meet different operating conditions by chang- 
ing the value of this resistance. Differing adjustments 
are rarely called for in practise and these relays are 
normally set for a releasing time of 0.1 second. 

A number of echo suppressors have been installed at 
Harrisburg, Pa., where they are now in service on a 
group of four-wire circuits. Fig. 4 is an illustration of 
this installation of four-wire echo suppressors. Fig. 5 
shows a close-up view of an individual panel from the 
front. Both halves of the suppressor working on a 
single circuit are mounted together on one panel. The 
method of mounting and the type of equipment in the 
echo suppressors are in general quite like the standard 
for the four-wire circuits with which they operate. 
Although in Fig. 3 the battery supply circuits are shown 
individual to this set, in the actual installation common 
batteries are used. The four filaments of the tubes on 
one panel are operated in series from the 24-volt battery. 

The operation and maintenance of these devices in- 
volve little that is different from standard repeater 
equipment. There is one test, however, which is 
employed in checking the times of functioning that 
perhaps deserves special mention. This test involves 
observing the time needed for the suppressor to go 
through any number of complete cycles of operation and 
release. To make this test, the short-circuiting con- 
tacts of relay C and the input of the suppressor circuit 
are connected together and to an oscillator as shown in 
Fig. 6. As soon as the oscillator is connected to the 
input, the relay train begins operating and the shorting 
contacts of relay C in turn cut off the applied voltage. 
This short circuit is maintained across the input for a 
time by the slowness of release of relay B as previously 
explained. When it finally releases and in turn 
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releases relay C, the suppressor again operates and the 
process is repeated over and over. At each repetition 
of the cycle the auxiliary contacts of relay C apply a 
ground to the test terminal which is connected to a 
counting device. With the aid of a stop-watch the 
number of cycles in any given time is readily deter- 
mined and thus the time of a single cycle of operation. 


April 1925 


This time is the sum of the time needed for relays A and 
C to make and the time needed for relays A, B and C 
to release. By observing the uniformity and smooth- 
ness of operation with which this cycle is carried out the 
tester can check the adjustment of all the relays. If 
relays A and C are properly adjusted so that their 
operation is positive and uniform, the operating time 
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will vary but slightly from the proper value of about 
0.02 second. The test, therefore, gives a good measure 
of the longer release time which would normally be 
about 0.1 second. 


SOME GENERAL CONSIDERATIONS 


As pointed out above, when an echo suppressor 
is applied to a telephone circuit, the telephone circuit 
remains operative in both directions when it is in the 
normal condition, 7. e., when no one is talking. It is 
only when talking is done over the circuit that the path 
for transmitting in the reverse direction, which is then 
useless so far as talking is concerned but which is harm- 
ful because it furnishes a path for the echoes, is blocked. 
The advantages gained by this arrangement are: (1) 
there is no possibility of cutting off the first part of 
words owing to the fact that the transmission path 
actually carrying the speech is unaffected by the switch- 
ing operations; and (2) if the relays should fail to oper- 
ate because the voice currents happen to be very weak, 
the listener at the distant end would still hear the 
speaker although both he and the talker might also 
hear some echoes. Weak speech does not, in general, 
give rise to such serious echoes as does strong speech. 
Therefore, when the voice currents happen to be so 
weak that they fail to operate the suppressor, the echoes 
produced may not be serious. 

Now, in order to obtain these advantages it is neces- 
sary to face the possibility of “singing,” since when 
no one is talking, the paths for transmission in both 
directions remain in their normal operative condition. 
It is evident that if the repeater gains are raised high 
enough, singing will begin exactly as it would if the 
circuit contained no echo suppressor. If singing 
starts in a circuit containing an echo suppressor, the 
circulating currents will build up until they become 
strong enough to cause operation of the relay associated 
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with one half or the other of the echo suppressor so 
that one of the transmission paths will be blocked. 
This will temporarily stop the singing. Itwillcommence 
again, however, as soon as the relay falls back to its 
normal condition. Thus, a chattering condition is 
produced which, in general, would not be tolerated. 

In order to overcome the limitations which may be 
set on a circuit by the possibility of singing, it is neces- 
sary to go back to the old idea of a voice-controlled 
system in which the transmission is blocked when no 
one is talking. It is not necessary, however, to block 
both of the transmission paths since if one path only is 
blocked, singing evidently cannot occur. 

Fig. 7 shows one of the possible arrangements of a 
voice-operated system in which singing is prevented. 
It will be seen that this arrangement includes an echo 
suppressor to which an additional relay D has been 
added, which keeps the upper transmission path blocked 
when the circuit is normal, 7. e., when no one is talking. 
Singing is, therefore, not possible when the circuit is 
normal. 

Now, when talking is done at Station W the voice 
current waves, on arrival at the middle of the circuit, 
cause operation of the two relays associated with the 
amplifier-detector W-H. An appreciable length of 
time is required, of course, to operate relay D. To 
avoid the possibility of cutting off the initial parts of 
words during the time before relay D operates, it is 
desirable to delay the main transmission. What has 
been called a “delay network’ has, therefore, been 
included as shown in the figure. This delay network 
may, of course, assume various forms, one of which 
might be an artificial loaded line or low pass filter. By 
including such a delay network, the voice currents can 
be retarded long enough to give the contacts of relay D 
time to clear the path before the voice currents reach 
the point in the circuit where the transmission has been 
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In addition to clearing a path for the main trans- 
mission in the direction from W to E, the transmission 
path from E to W is blocked by the operation of the 
other relay associated with amplifier-detector W-E. 
The circuit, therefore, has no chance to sing when in the 
condition for talking from W to E. 

When talking is done at Station E, the relay asso- 
ciated with amplifier-detector E-W is operated. This 
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prevents the echo returning from Station W from oper- 
ating the relays associated with amplifier-detector 
W-E. For talking in this direction, therefore, the 
upper transmission path remains blocked. ‘There is, 
therefore, no chance for singing, as was also the case for 
the other conditions. 

By adding the delay network, one of the disadvan- 
tages of voice-controlled relay systems which keep 
transmission normally blocked is overcome in large 
part. This is the clipping off of the first parts of words, 
the possibility of which was mentioned above. 

There remains, however, an important disadvantage 
in the fact that it is necessary that the voice currents 
never fail to operate relay D. If they did fail to operate 
this relay, the listener at Station H would hear nothing. 
It is necessary, therefore, that the amplifier-detector- 
relay system W-E be sensitive enough so that the voice 
currents which traverse the upper path in the four-wire 
circuit will never fail to cause operation of its relays. 

On the other hand, noise currents which traverse 
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telephone circuits the method of avoiding singing, 
which has been described, appears to offer possibilities 
of limited application only. 


ECHO SUPPRESSORS APPLIED TO OTHER TYPES OF 
TELEPHONE CIRCUITS 


It will, of course, be understood that in practise a 
normal commercial telephone circuit is always two- 
wire at the two ends where connection is made to the 
subscribers’ instruments. The rest of the circuit may 
be entirely four-wire or it may be all two-wire, or a 
combination of both. The application of echo sup- 
pressors to circuits which are not all four-wire will now 
be considered. 

One important practical case is that where a four- 
wire circuit is sandwiched in between two two-wire 
circuits. Such a case is illustrated in Figs. 8 and 9. 
Fig. 8 shows conditions without an echo suppressor 
while Fig. 9 shows conditions with an echo suppressor. 
In both figures, a diagram of the circuit itself is shown 
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the upper path in the four-wire circuit must never 
cause operation of the relays associated with the 
amplifier-detector W-E. Such false operation would, 
of course, prevent transmission over the lower pair of 
wires from Station E to W and would, therefore, render 
the four-wire circuit inoperative. 

To overcome the singing limitation, it is thus seen 
that it has been necessary to produce a device which 
requires greater sensitivity and is, therefore, more 
seriously affected by noise currents than is a simple 
echo suppressor. This is in addition to the further 
complications involved. 

Now, in applying simple echo suppressors to long 
telephone circuits, it is in general not the possibility of 
singing, but rather, the necessity of avoiding false 
operation of the relays by noise currents that consti- 
tutes the most serious limitation. This is discussed in 
more detail in what follows. For the present, it is 
sufficient to note that in the case of most long-distance 
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in the upper part a, while in the lower part 6 are shown 
the paths of the direct transmission and echoes. These 
transmission paths illustrate the condition when talking 
is being done from Station W to Station #. In both 
figures, for simplicity, the first echoes affecting the 
talker and listener only are shown, echoes of these 
echoes being ordinarily of little importance. 

It will be observed in Fig. 8b, which represents the 
condition of affairs when no echo suppressor is used, 
that the listener hears echoes coming from as many as 
six different paths. The talker hears echoes from three 
paths. Now compare this with Fig. 9b which repre- 
sents the condition of affairs when an echo suppressor is 
employed. It will be observed that all of the echoes 
which return through the four-wire circuit have been 
suppressed. Echoes from only two paths now reach the 
listener, while echoes from only one path now reach the 
talker. Furthermore, the echoes affecting both talker 
and listener, which remain when the echo suppressor is 
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employed, are those whose paths are comparatively 
short. The echoes whose paths are the longest have 
been cut off by tne action of the echo suppressor. 
These echoes which travel over the long paths have the 
greatest lags and are usually most serious. Conse- 
quently, cutting these echoes off makes a material 
improvement possible even though the echoes whose 
paths are short remain. 

In order that an echo suppressor may operate satis- 
factorily on a circuit, such as the one shown in Fig. 9a, 
it is necessary that the time required for operation of the 
relays be short enough so that, if there are any serious 
echoes returning over short paths, the relays will 
operate before these reach the suppressor. After 
operation, the suppressor relays must remain operated 
until the echoes whose paths are the longest have been 
suppressed. 

In the case of telephone circuits worked entirely on a 
two-wire basis, echoes may also constitute an important 
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By using somewhat higher speed relays and switching 
systems, however, it has been found possible in tests 
which have heen made, to obtain satisfactory operation 
on an all two-wire circuit without introducing devices to 
produce time lags. This is possible because the im- 
portant echoes in a two-wire circuit generally lag enough 
to allow time for relays to operate. Only a few of the 
echoes return to the suppressor with very small time 
lags. Some of these can be allowed to pass without 
causing appreciable impairment, provided they are not 
strong enough to cause false operation of the relays 
which block the main transmission path. 


POSSIBILITIES AND LIMITATIONS OF ECHO 
SUPPRESSORS 


The curves in Fig. 10 show how, when no echo 
suppressors are employed, the echo effects limit the 
extent to which the over-all loss of a circuit may be 
lowered by the application of repeaters.® 


The curves 


Listener 
Seation 


Fia. 
(a) 
(b) 


limitation when the circuits are electrically long. On 
such circuits it is also generally true that the most 
serious echoes are those whose paths are the longest, 
namely, those which travel back and forth between 
points at or near the ends of the circuit. The applica- 
tion of an echo suppressor to one of the repeaters in a 
two-wire circuit, therefore, offers possible advantages. 

If it is imagined that the four-wire circuit shown in 
Fig. 9a is shortened so that the whole four-wire circuit 
is located at one point, the two-wire condition would be 
represented. The time lags which were introduced by 
the lines comprising the four-wire circuit are now absent. 
It is possible, however, to introduce delay networks 
into the two sides of the two-wire repeater to which the 
echo suppressor has been applied, so as to make it 
effectively a four-wire circuit, although the two ends are 
not geographically separated. This would evidently 
allow the four-wire echo suppressor which has already 
been described to be applied without modification. 


(b) 


9—EcHo Suppressor Cutting orr EcHors IN COMBINATION Two-WIRE AND Four-W1re Circuit 


Combination two-wire and four-wire circuit with echo suppressors 
Paths of direct transmission and echoes 


in this figure apply to four-wire circuits of various 


lengths (without echo suppressors) used to handle 
terminal business, 7. e., connections to subscribers not 
involving the use of other toll lines in tandem with the 
four-wire circuit. It is assumed that simple com- 
promise networks giving only a rough degree of simula- 
tion of the impedances of the terminal circuits are used. 
The curves, which are based on experimental data, 
indicate roughly how the over-all volume efficiency - 
must be limited to keep echo effects small enough so that 
they are not considered disturbing when ordinary tele- 
phone conversations are carried on. 

Consider, for example, what are the limitations for 


6. The ordinates on this figure are in terms of the new 
“transmission unit’? abbreviated ‘‘TU,’’ which is defined in a 
paper entitled ‘“‘The Transmission Unit, ete.” by W. H. Martin, 
JournaL of the A. I. E. E., June 1924. Also in the article 
entitled ‘‘The Transmission Unit” by R. V. L. Hartley, Electrical 
Communication, July 1924. 
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a circuit 1500 miles (2400 km.) long, with extra light 
loading. One of the curves which is marked ‘Talker’ 
shows that in order to keep the echoes which affect the 
talker sufficiently low, requires that the over-all loss in 
the circuit be made no lower than about 14 TU.’ The 
other curve marked ‘‘Listener’”’ shows that keeping the 
echoes which affect the listener within proper limits is a 
less severe limitation, requiring only that the net loss be 
made no less than about 7 TU. Singing of a circuit 
such as this would not ordinarily begin until the loss 
was reduced to zero or even, perhaps, made less than 
zero, 2.@., an over-all gain. 

If an echo suppressor were applied to a circuit such 
as the above, a maximum improvement of the order of 
14 TU might be looked for. As a matter of fact, 
results as good as this have been obtained in tests. 

In order to obtain a result as good as this requires, 
of course, that the echo suppressor be given a sensitive 
enough adjustment so as to cut off substantially all of 
the echoes, even when the voice currents are weak. 
When given such a sensitive adjustment, there will, of 
course, be a tendency for noise currents to produce 
false operation. In certain cases, avoiding such false 
operation may require that the sensitivity of the echo 
suppressor be reduced to the point where weak voice 
currents fail to operate the relays. In such cases, 
results as good as the above will not be obtainable. 

In practise, little or no trouble from false operation 
due to noise within the cable facilities, comprising a 
four-wire circuit, is experienced. Whentheconnections 
to the terminals of the four-wire circuit are short, 
therefore, so that, on these terminal connections, the 
noise currents are comparatively weak and the voice 
currents large, it is possible to realize in practise the 
full theoretical possibilities from an echo suppressor. 
In other words, it is possible to work a four-wire circuit 
under these conditions at a very low loss, or even an 
over-all gain. 

When the lines connecting the subscribers with the 
terminals of the four-wire circuit are long, so that the 
voice currents may be weaker and, perhaps, the noise 
currents may also be stronger, results as good as this 
may not be obtainable. However, even in this case, a 
material improvement can usually be effected by the 
echo suppressor. 


For the condition in which a four-wire circuit is 
switched to a variety of different circuits at the termi- 


7. Dueto transmission variations of the different parts compri- 
sing long telephone circuits such as these, the over-allloss varies to 
a certain extent with time. In practise, adjustments of circuits 
in the Bell System Plant are made often enough to keep the varia- 
tions within about + 2 or3 TU. The working net loss must, 
of course, be made high enough so that echo difficulties will not be 
encountered when the variations combinein such a way as to give 
the over-all, ornet loss, its minimum value. For example, in the 
case of the 1500-mile (2400 km.) circuit above, if it is assumed 
that the circuit is limited by echoes to a 14 TU minimum net 
loss and that it is maintained within limits of variation of 
+ 3 TU, the working net loss would be 17 + 3 TU. 
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nals, it was shown in Fig. 10 that the requirement that 
echoes should not disturb the talker is more severe, so 
far as limiting the minimum loss is concerned, than the 
requirement that echoes should not affect the listener’s 
transmission. It will, of course, be obvious that talkers 
connected to either terminal of the four-wire circuit 
through connections involving small transmission losses 
will hear louder echoes than will talkers connected 
through circuits having larger losses. In other words, 
the minimum net loss of a four-wire circuit used in this 
way is limited by the requirement that the talkers 
connected through low losses should not receive 
too much echo. Now, of course, the relays in the echo 
suppressor will respond most readily to these talkers. 
Satisfactory operation of the relays for these talkers 
will, therefore, be secured: even though the echo sup- 
pressors be given such an adjustment that the relays 
will not respond to the voice currents from talkers con- 
nected to the circuit through a higher loss. Cutting 


MIMINUM NET LOSS IN TU. 


POWER AS COMPARED TO POWER APPLIED TO 
geeENED SENDING END 
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Fig. 10—EcuHo Liuitations on Loss or A Four-Wire Circuir 
off the talker echoes in the case of the connections 
involving low losses, therefore, makes it possible to 
materially lower the loss introduced by the four-wire 
circuit even though other echoes are not cut off. 

In the curves of Fig. 10 it is seen that for a 1500-mile 
(2400 km.) extra-light loaded circuit the possible 
improvement which may be secured by cutting off the 
talker echoes from low loss connections may be as much 
as 7 TU even though echoes from other connections are 
not cut off. 

In general, for combinations of four-wire and two- 
wire circuits and for circuits which are all two-wire as 
well, talker echoes are also more serious than listener 
echoes provided that the impedance irregularities at 
intermediate points in the circuit are small, as is usually 
the case with high grade circuits. Consequently, 
echo suppressors make it possible to effect improvement 
in many cases even if the line noise which is present 
requires reduction of the sensitivity of the echo sup- 
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pressors to the point where weak voice currents fail to 
operate the relays. If the line noise requirement does 
not enter as a limitation, a greater improvement is, of 
course, possible as is also the case with all four-wire 
circuits. 

CONCLUSION 


The echo suppressor, which has been described, 
offers attractive possibilities in supplementing other 
methods for obtaining satisfactory transmission over 
long two-way telephone circuits. 

The application of an echo suppressor to a telephone 
circuit requires no changes in the circuit itself, the echo 
suppressor being merely attached to the circuit at some 
convenient point. 

For any particular type of circuit, the advantages 
to be gained by using echo suppressors increase with 
length. Fora given circuit length the advantages to be 
gained are greater with low-speed than with higher- 
speed circuits. 

Echo suppressors offer the greatest possibility of 
usefulness on cable circuits, owing to the inherent low- 
speed and quietness of such circuits. Generally 
speaking, the application of echo suppressors to cable 
circuits offers possibilities of effecting savings by allow- 
ing the use of heavier weight, lower-speed loadings in 
place of lighter weight, higher speed loadings, as well as 
the imposition of less severe requirements as to impe- 
dance uniformity of the circuits. 


Discussion 


S. P. Shackelton: When any device, which differs as funda- 
- mentally from the existing order of things as the echo suppressor 
is introduced into a working system there will arise problems as to 
its practical application. To a very large extent these problems 
have been met in the installation at Harrisburg which is referred 
to in the paper. It may be profitable to review somewhat the 
experience obtained in that installation. 

It will be realized that the proper association of an echo 
suppressor with a telephone circuit is essential for satisfactory 
operation. This involves not merely obtaining the correct cir- 
cuit connections in the office where the suppressor is located 
but also in securing a suitable circuit layout for the entire 
length of the telephone circuit. While considerable latitude 
is possible in the geographical location of the suppressor, still 
the time intervals introduced by the relays require that it be 
located at some distance from the ends of the circuit, The 
introduction of telephone repeaters a number of years ago 
imposed ,somewhat similar restrictions as to circuit-layout 
changes. These factors all tend to eliminate temporary circuit- 
layout changes and to confine the changes to those authorized 
after consideration of complete circuit requirements. This is 
particularly true on toll cable where the need for emergency 
changes is less frequent than with open-wire lines. 


A eonsideration of the operating conditions to which echo 


suppressors are subjected suggests certain differences between 
the relay requirements and those usually met by telephone re- 
lays. Asa rule relays are given specified adjustments, either 
mechanical or eleetrical or both, and then are expected to func- 
tion in the circuit with a certain margin between the adjusted 
condition and the normal working condition. In the echo 
suppressor no such margin is possible, the relay simply operating 
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on voice currents of sufficient magnitude and failing to operate on 
weaker ones. The margin here required is not possible in the 
usual sense by means of relay adjustment and hence the provi- 
sion is made for varying the sensitivity by means of different 
connections to the input transformer. It will probably not be 
possible to adjust all circuits for the same sensitivity owing to the 
different conditions of noise and energy level encountered. Also 
the margins may differ widely. In fact, there may be no margin 
in the usual sense, the suppressor being adjusted to operate only 
on the relatively strong voice currents. 

No unusual maintenance requirements are introduced by the 
use of echo suppressors in the plant. The conditions just out- 
lined call for somewhat different treatment, however, than. is 
usually followed. The paper outlines the operation of a testing 
circuit for checking the relay adjustment. Such a circuit in- 
dicates the combined effect of all the time intervals introduced 
by the different relays in normal operation modified by the action 
of the amplifier rectifier in short circuiting its input. Even with 
the use of such a testing circuit it is necessary to give the in- 
dividual relays their proper adjustments. Also some experience 
is necessary in the use of the testing circuit to interpret its results. 
Provision is made for reading the current in relay A Fig. 3, in 
normal operation and at the same time it is possible to monitor 
on the suppressor. In this way a check on the operation can be 
obtained. This is particularly desirable as the relay A is subject 
to severe operating conditions and requires closer maintenance 
than would be the ease for direct-current operation. It is to be 
noted that the entire operation of the circuit is dependant on 
relay A. 

In usual telephone practise, even with the simplest circuits, 
whenever relays are involved, it is customary before putting a 
circuit in operation to check the relay adjustment by means of a 
current flow and give the prescribed current-flow adjustment for 
those relays. An interesting incident in connection with the 
installation at Harrisburg, might bebroughtout. Thesuppress- 
ors were all assembled completely in the Western Electric 
Company laboratory, tested out and shipped to Harrisburg. 
In shipment, relays cannot be expected to maintain their adjust- 
ment. The men who put the suppressors into service at Harris- 
burg had had no previous instructions as to relay adjustments, 
and yet in spite of that fact when they completed the installation, 
they put one of the suppressors on a telephone cireuit which was 
set up for trial without any check whatsoever on the adjustment, 
and it worked along very nicely. This would bear out our assump- 
tion that in spite of the fact that maintenance conditions may be 
somewhat different, they are not any more severe than any nor- 
mal circuit operation. 

H. S. Foland: In connection with echo suppressors for long 
telephone circuits, it occurs to me that some additional discussion 
of the trial installation at Harrisburg may be of interest. 

The paper mentions this installation and shows a picture of the 
apparatus as installed. Harrisburg was selected as a suitable 
location for a trial installation of this apparatus for several 
reasons: 

First: There were four-wire cable cireuits between New York 
and Pittsburgh, so loaded that any material extension of them 
should result in noticeable echo effects. These circuits were of 
course, provided primarily for New York-Pittsburgh circuits. 

Second: It was possible to extend these circuits from Pitts- 
burgh by means of several different types of facilities to points 
sufficiently distant to produce the desired echo effects. 

Third: Harrisburg is suitably located between New York and 
Pittsburgh to provide the time interval required for the apparatus + 
to function and to permit the operation of the circuits to be ob- 
served from the New York end. 

Fourth: Harrisburg is a repeater point on these cable circuits, 
(approximately at the center of the New York-Pittsburgh 
section) and thus a suitable point for an echo-suppressor 
installation. 
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Ten 19-gage, medium heavy loaded four-wire cable circuits 
between New York and Pittsburgh were taken and the Pitts- 
burgh terminals extended to a number of distant points over a 
variety of types of facilities: 

Four circuits were extended to Chicago by means of 
four-earrier telephone channels; 

One cireuit was extended to Chicago by means of 
an open- wire circuit; 

One circuit was: extended to Cincinnati by means of 
an open-wire circuit; ; 

Three circuits were extended to Cleveland by means of 
cable facilities between Pittsburgh and Cleveland, in part 
four-wire and in part two-wire; 

One circuit was extended to Detroit by means of an 
open-wire circuit to a point near Toledo and from that 
point to Detroit in a two-wire cable circuit in the Toledo- 
Detroit Cable. 

It will be appreciated, I believe, that this was a rather compre- 
hensive selection of facilities on which to institute a trial and that 
the results obtained from these several combinations might 
reasonably be taken as indicative of the performance of the echo 
suppressors. 

These circuits were then equipped with the echo suppressors 
at Harrisburg and a close supervision maintained of their per- 
formance, both from the standpoint of equipment trouble and 
from the standpoint of the effects of the echo suppressors on the 
operation of the circuits. The data collected have indicated 
that these echo suppressors function in an effective manner and 
that they have not been subject to an abnormal amount of 
trouble. 

The paper points out that this apparatus operates so as to short 
circuit the return transmission path. This was an interesting 
feature from an operating standpoint, since the thought naturally 
occurs that such an arrangement would give the speaker right of 
way over the circuit and that the listener at the opposite end of 
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the circuit would be compelled to wait until the speaker had 
finished or at least had made an appreciable pause before it 
would be possible to interrupt him. A very considerable num- 
ber of conversations were carefully observed to determine if 
there was any indication of this effect, and it was established that 
the users of these circuits carried on conversations in a perfectly 
normal manner, interrupting one another in apparently the same 
manner as on circuits not so equipped. This result may be 
explained, of course, by the very short intervals of time involved 
in the operation of this equipment. 


From an operating and maintenance standpoint, there was 
something disturbing in the thought of giving service dependent 
upon the operation of relay equipment a considerable distance 
from the speaker and actuated by the speaker’s voice, but 
experience with the Harrisburg installation has indicated that 
the echo suppressor is a practical device, both effective and 
reliable in its operation. 


A.B. Clark: Ido not want to leave the impression that echo 
suppressors are vitally needed on all cable circuits. As a matter 
of fact, there are in service today types of cable circuit capable 
of giving a good grade of commercial telephone transmission for 
distances of at least 1000 mi. without any echo suppressors at 
all. However,it is possible that in certain cases echo suppress- 
ors may allow the desired transmission results to be secured 
more cheaply. 


The echo suppressors which have been installed at Harris- 
burg and have already been referred to are working on types 
of cable circuit which were designed for use up to moderate 
distances only. When the echo suppressors were placed on 
these circuits, the circuits were intentionally pushed beyond the 
limits for which they were originally designed. If the ‘‘long- 
distance type of cable circuit’? were available, it would be 
possible, for the circuit lengths involved in this ease, to dispense 
with the echo suppressors at Harrisburg. 
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INTRODUCTION 


ANY of the principles involved in the multipli- 
cation of frequencies by the use of highly saturated 
iron cores have been established by early investi- 

gators inthe field of radio engineering. A number of 
articles on the subject have been published by various 
investigators, although very little information about 
the performance of frequency multipliers under load 
conditions was found. 

1. K. F. W. Alexanderson, Magnetic Properties of Iron at 
Frequencies wp to 200,000 Cycles. Transactions A. I.E. E., 
November, 1911. 

2. Dr. A. N. Goldsmith, Radio Frequency Changers. 
ceedings I. R. E., March, 1915. 

3. J. Zenneck, A Contribution to the Theory of Magnetic 
Frequency Changers. Proceedings I. R. E., December, 1920. 

4. T. Minohara, Some Characteristics of the Frequency 
Doubler as Applied to Radio Transmission. Proceedings 
I. R. E., December, 1920. 

5. M. Latour, Static Frequency Multipliers for the Pro- 
duction of Very High Frequencies in Radio Telegraphy. Revue 
Generale de l’ Electricite, July, 1922. 

6. K. Schmidt, High Frequency Sender for Radio Telephony. 
Elektrotechnische Zeitschrift, October, 1928. 

Frequency multipliers were investigated in connection 
with the development of the 200-kw. Alexanderson 
radio system; however, it was found entirely feasible to 
build 200-kw. alternators which would generate di- 
rectly the frequencies required. During these and 
other investigations, frequency multipliers were used to 
generate a wide range of frequencies in a study of 
transmission phenomena, and very satisfactory per- 
formance of the multipliers was obtained. Simplified 
circuits were developed and communication established 
between Schenectady, New York, and New York City 
with very small amounts of power. Both telegraphy 
and telephony were used. 

This paper describes some of the results to date of a 
joint investigation by the Radio Corporation of America 
and the General Electric Company, and is intended to 
present, in a condensed form, physical conceptions of 
the operation of iron-cored frequency multipliers. 
The main object of the investigation is to determine 
the possibilities of increasing the usefulness of the 
200-kw. Alexanderson alternators. Results, to date, 
include a number of improvements in the design of 
frequency multipliers and arrangement of circuits, and 
indicate that frequency multipliers may be used ad- 
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vantageously with 200-kw. alternators to meet special 
requirements. Indications are that frequency mul- 
tipliers could also be used in industrial applications 
where relatively large amounts of power at relatively 
high frequencies are required. 


PRINCIPLES OF SINUSOIDAL AND SHOCK EXCITATION 


Any periodic curve is the resultant of a number of 
sinusoidal curves of various amplitudes and frequencies, 
and these can be separated by mathematical treat- 
ments in accordance with the well-known Fourier’s 
theorem. The periodic fluctuations of the distorted 
magnetic field in frequency multipliers has thus been 
studied, affording a basis of incomparable value in 
such work. 

In practical work, with iron-cored frequency multi- 
pliers, a distinct line may be drawn between two 
methods of excitation,—the sinusoidal and the shock 
methods. Considered theoretically, the former repre- 
sents a condition in which the resultant flux curve 
consists, in its elements, of only two sine curves, the 
fundamental and the harmonic desired. The resultant 
flux curve obtained when using the shock excitation 
method may be resolved into a greater number of 
elementary waves. 

The sinusoidal method is more and more nearly 
approached as the desired harmonic is supplied with 
new energy during the greater part. of the duration of 
its period. In the well-known case of doubling the 
frequency of the fundamental by means of a double 
unit arrangement, the sinusoidal method is predomi- 
nant. The arrangement consists of two separate mul- 
tipliers, each saturated to the correct degree by direct 
current and connected in such a way that a distortion 
of the magnetic flux takes place alternately in each unit 
for each half-cycle of the fundamental. The magni- 
tudes of direct current and alternating current can be 
so chosen that the voltage induced by the distorted 
field is sinusoidal and is the second harmonic of the 
fundamental frequency. 

As the art of the ferro-magnetic method advanced, 
it was found by various investigators that higher 
efficiencies could be obtained by the shock excitation 
method; that is, instead of obtaining an induced 
e. m. f. of sinusoidal character by the sinusoidal method, 
it is better to force the device to its maximum efficiency 
by shock excitation. The output of a given multiplier, 
when shock excited, has been found in nearly all cases to 
be larger than when adjusted to induce a sinusoidal 
e. m. f. 
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It was found that, when doubling a fundamental 
frequency, the difference between the two methods 
from an efficiency and output standpoint was not very 
great. However, as the multiplication ratio was 
increased, the efficiency of the sinusoidal method 
dropped very rapidly. When using the sinusoidal 
method at higher multiplication ratios, a number of 


OUTPUT 


Fig. 1—FREQUENCY-MULTIPLIER CIRCUIT 


units are required, combined in cascade, and the 
over-all efficiency is the product of the efficiencies of the 
individual stages. On the other hand, when using the 
shock excitation method, the desired multiplication 
is accomplished in one stage, and, though the efficiency 
of this one stage may be lower than the efficiency of one 
of the stages in cascade, the over-all efficiency will 
usually be higher. 
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Fic. 2—Puase Revations Between a FunpAMENTAL WAVE 
AND Various HarMONICS 


When using the shock excitation method, the energy 
is supplied to the harmonic during a relatively shorter 
time period and assumes a transient character. This 
introduces two problems which become more difficult 
to solve as the multiplication ratio is increased. 

The first problem was manifest in the inability to 
load the system. The fundamental frequency circuit 


LINDENBLAD AND BROWN: FREQUENCY MULTIPLICATION ° 


Transactions A. I. E. E. 


would not oscillate unless the kv-a. of the circuit was 
made relatively large, since using relatively low kv-a. 
in the circuit, little energy is stored and the disturbance 
at the time of the energy transfer to the harmonic 
circuit is too great. Also by employing a circuit of 
reasonably large kv-a., when working with transient 
impulses, a cushion effect is obtained across the mul- 
tiplier to allow the induced voltage peaks to develop. 
This is accomplished by the resonant circuits connected 
to the multiplier being series circuits of relatively high 
inductive reactance. A. series-tuned circuit has an 
infinitely high reactance to transients, whereas a 
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Fic. 3—Hatur-Cycie Excrration MuutTistaGE ARRANGEMENTS 
or Frequency MULTIPLIERS FOR THE PRoDUCTION OF EVEN 
HarMoNnIcs 


parallel-tuned circuit has zero reactance to transients. 
The reactance in the resonant circuit also prevents the 
fundamental.or some undesirable harmonic that may 
accidently develop from entering the output circuit. 
In the case of doubling the frequency, the reactance 
required to separate the two frequencies needs to be 
larger than would be required by any of the reasons 
previously given. To avoid an unduly large reactance 
for this case a circuit was developed by E. F. W. 
Alexanderson, which is shown in Fig. 1. The circuit 
consists of an auto-transformer arrangement, utilized 
in such a way that the section from one end of the coil 
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to its intermediate tap comprises the inductance in the 
resonant circuit for the fundamental frequency. The 
remaining portion of the coil from the intermediate tap 
to the opposite end comprises the inductance of the 
resonant output circuit. The intermediate tap of the 
coil to which the multiplier is connected is chosen so 
that the voltage induced in one section from the other 
section. neutralizes the voltage impressed on the 
intermediate tap from the multiplier. For circuits 
arranged for higher multiplication ratios, this arrange- 
ment ceases to function on account of the pronounced 
transient character of the energy transfer.. This 
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Fig. 4—Haur-Crcite Excitation Muutistacr ARRANGEMENT 
or FREQUENCY MULTIPLIERS FOR PRODUCTION OF ODD 
HARMONICS 


circuit is not required for higher multiplication ratios, 
as the difference between the input and output fre- 
quencies is so great that ample separation is afforded 
through simple tuning. 

The other problem introduced by the shock excita- 
tion method, which increases in difficulty with increased 
multiplication ratios, is the damping effect in the 
output circuit. Difficulties due to this phenomenon 
were first encountered in a transmission test on a wave 
length of 3200 meters (94,000 cycles) which involved 
quadrupling a fundamental frequency of 23,500 cycles. 
The test was very successful in all respects, except that 
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it was difficult to obtain a clear note at the receiving 
station. The reasons were that the oscillations were 
damped and declined as a logarithmical function, 
thus giving a signal not as clear as obtained from a 
wave of constant amplitude. Side frequencies were 
also partly responsible for the impurity of the note. 
These side frequencies constitute a quite serious prob- 
lem in radio applications, as they are the results of 
characteristics inherent in the circuit. If a circuit has 
more than one degree of freedom, the oscillations, 
when left without a continous guiding e. m. f., degener- 
ate into oscillations corresponding to the various 
degrees of freedom of the circuit. The conditions are 
generally not improved by loosening the coupling 
between the circuits, as this merely tends to bring the 
various degrees of freedom closer together. It was 
therefore realized that, in order to improve the ar- 
rangement so as to give it real commercial value, the 
method of energy feed must be greatly improved. 

As has been pointed out, the side frequencies and the 
damping effect were the results of too infrequent energy 
impulses. Some improvement could be obtained by 
means of a relatively large energy storage or tank 
circuit, but such an arrangement would consume rela- 
tively large amounts of power. A much better way 
would be to increase the number of impulses and thereby 
provide a more frequently occurring guiding voltage 
for the oscillations. 


CIRCUIT IMPROVEMENTS FOR SHOCK EXCITATION 


If the multiplication ratio is not too high, it is suf- 
ficient to obtain one impulse from each half-cycle of the 
fundamental. The connection arrangements to obtain 
the correct phase combinations of the harmonics are 
indicated in Figs. 2, 3, and 4: It should be noted that 
the circuits and relations differ for odd and even 
harmonics. When working with higher multiplica- 
tion ratios, the one impulse from each half-cycle of the 
One arrangement by 
which a greater number of energy impulses can be sup- 
plied to the harmonic is by the use of polyphase power 
supply. A similar arrangement has been suggested by 
Mr. Dornig?, who also offered a method of combining 
a harmonic of one fundamental frequency with a har- 
monic from a different fundamental frequency. The 
use of polyphase or equivalent excitation is vital in 
circuits to transfer large amounts of power, as the 
reactive circuits can be reduced considerably and 
perhaps eliminated entirely if there is an energy im- 
pulse for each half cycle of the harmonic. 


ADVANTAGES OF ‘DIP’? METHOD 


Regarding the methods of exciting the multiplier 
and utilizing the bend of the magnetic curve in the 
most efficient manner, it has been found advantageous 

3. Contribution to Frequency Transformation by Means of 


Tron Core Inductance, Elektrotechnische Zeitschrift, Vol. 45, 
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to employ direct-current excitation regardless of 
whether the harmonic is an odd or an even multiple of 
the fundamental. While it is true that odd harmonics 
can be produced without saturating the multiplier with 
direct current, a considerable increase in efficiency is 
obtained by using direct-current excitation. The 
reason is that when using direct-current excitation a 
much smaller alternating component can be used and 
a large portion of the iron losses eliminated. This is 
easy to realize by reference to a H-B curve of iron. 
When the iron is already saturated with direct current 
to a point above the bend of the curve, only so much 
alternating current need be superimposed to produce a 
“dip”’ in the flux intensity. The dimensions of this 
“dip” are determined by the harmonic desired. Thus 
the iron loss only occurs at the same time as the “dip” 
in the flux. During the rest of the time, the iron is 
fully saturated and the losses relatively small. On the 
other hand, when no direct current is used, a much 
larger amplitude of alternating current is required to 
reach the desired point of flux deformation. Besides, 
the iron is being worked in an unsaturated state the 
greater part of the cycle, which results in considerably 
higher iron losses. The only apparent advantage of 
the. multiplier without direct current for producing 
odd harmonics is that, by using a single multiplier unit, 
an impulse is transferred from each half-cycle of the 
fundamental, whereas, when direct current is used, two 


multiplier units are required arranged in such a way ° 


that the phases of the impulses are correctly combined. 
However, this latter arrangement adds very little 
complication to a system. 


ADVANTAGES OF SHORT MAGNETIC PATH 


Theoretical considerations of the design of frequency 
multipliers indicated a decided increase in efficiency 
should be obtained by making the diameter of the core 
relatively small. The reason is that the inducing power 
of a magnetic field is due to the cross-section of the 
field, but not to the length of the path. Substantially 
the same results are therefore obtained with smaller 
amounts of iron and the correspondingly smaller core 
loss. In substantiation of this theory, a circuit con- 
taining a multiplier having a magnetic circuit 25 in. in 
length, see Fig. 5, was found to have an efficiency of 
66 per cent when doubling. The same circuit, but 
containing a multiplier having a magnetic circuit 12 in. 
long, had an efficiency of 78 per cent. Similar effects 
have been observed by other investigators, but ap- 
parently the principles have not been investigated to 
determine the limits. : 

To investigate the possibilities of further improve- 
ment in this direction, a series of sample units have been 
made up in which the length of the magnetic circuit 
ranges from three inches to 34 inch. Measurements 
made on the unit having the shortest magnetic circuit 
indicated that a stage was reached at which the copper 
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and iron losses approached equality, thus indicating 
that optimum dimensions had been reached. In this 
particular case, in quadrupling a fundamental frequency 
of 23,500 cycles, an efficiency of 90 per cent was ob- 
tained. These dimensions are, of course, dependent 
upon the application of the device and the materials 
used. Fig. 6 shows a sample multiplier with multiple- 
turn conductor around the core, and Fig. 7 shows a 
sample with. single-turn conductor. The single-turn 


Fic. 6—Frequency Muttirerier F M-9 (Borrom Virw WitTH 
Basse Pan REMOVED 


Fie. 7—FrRequency Mouutiputier F M-10. 50-Kw. Or Pan 
REMOVED AND ONE SECTION oF CorE PartTLy WITHDRAWN TO 
SHow CoNsTRUCTION 


conductor is necessitated by the extremely small 
dimensions of the core. 


CoRE MATERIAL 


The efficiency and general performance of an iron- 
cored frequency multiplier is dependent, to a great 
extent, upon the characteristics of the iron used. In 
order to make direct comparisons of different grades 
of iron, samples were prepared in the form of a toroid — 
having the same length of path, same amount of iron, 
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and with winding of the same conductor and the same 
number of turns. These samples were immersed in oil 
for tests. The tests consisted of measuring— 

1. The impedance of the various samples at 20,000 
cycles which indicates mainly the B-H characteristic of 
the iron. 


5n6 S7SS oro W213 
AMPERES 


Fic. 8—20,000-Cycir Saturation Curves or IRon SAMPLES 


FOR FREQUENCY MULTIPLIERS 


2. Measuring the temperature rise of the samples at 
various values of volt-amperes at 20,000 cycles.’ 

The results of these tests are shown in Figs. 8 and 9. 
Conclusions from these tests, substantiated by results 
from other tests in which various grades of iron were 
used in frequency multiplier circuits, are as follows: 
The iron which has high B for a given H above the knee 
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Fia. 9—20,000-Cyrcie CHARACTERISTICS OF IRON-SAMPLES FOR 
FREQUENCY MULTIPLIERS 


of the curve stores more energy at operating adjustment 
than the iron which has a lower B fora given H. Stable 
operation is obtained with iron having a high B-H 
relation. The iron which has a relatively low B for a 
given H, while more efficient in operation, has a tend- 
ency to be unstable, due apparently to the relatively 
small amounts of energy stored. A compromise be- 
tween stability and efficiency is indicated as a most 
desirable grade, from a practical standpoint. 

The intermediate curves in Fig. 8 show the character- 
istics of an iron which apparently would be best suited. 
Another advantage of this iron is the relatively sharp 
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bend in the B-H curve which should enable the transfer 
of a greater proportion of the stored energy of the 
fundamental frequency to the harmonic frequency 
circuit. This is particularly true in circuits which 
operate on a principle of shock excitation. 


METHODS OF MEASURING EFFICIENCY 


Losses in frequency multipliers are being measured by 
electrical and calorimeter methods. The results ob- 
tained by the two methods are in close agreement and 
are considered sufficiently accurate for practical 
purposes. 


RADIO APPLICATION 


The radio application of frequency multipliers 
provides a means to greatly increase the usefulness of 
high-power alternators. A 20-kw. frequency-mul- 
tiplier installation is being made at the Radio Corpora- 
tion’s transatlantic station at Marion, Mass. This 
20-kw. set will be supplied with power from eight 
armature coils out of a total of sixty-four coils from 
either of two 200-kw. Alexanderson alternators. This 
small part of the total capacity of an alternator will 
reduce the power from the main circuit only 121% per 
cent, but will provide a separate transmitter for marine 
service. This 20-kw. transmitter will multiply a fre- 
quency of approximately 25,000 cycles five times in one 
stage. This set will include the best-known features in 
accordance with the principles outlined herein. 


INDUSTRIAL APPLICATIONS 


The industrial application of frequency multipliers 
appears to be where relatively large amounts of power 
are required at moderate frequencies. In the design 
of salient-pole alternators for relatively high frequencies 
and for relatively large powers, a nominal limit is be- 
tween 500 and. 1000 cycles. Alternators to develop 
frequencies appreciably higher than this nominal limit 
are usually of the inductive type, and, being in a special 
class, are costly to build and have relatively low effi- 
ciencies. It appears entirely feasible to use a 500-cycle 
salient-pole alternator, and, by the use of iron-cored 
frequency multipliers, produce relatively high fre- 
quencies in sufficient power capacities for many in- 
dustrial applications. : 


Discussion 


E. W. Kellogg: Mr. Brown spoke of getting a wave of 500 
cycles and make it into a 1000-cycle wave with 90 per cent ef- 
ficiency. The story is not complete until we know just what it 
does to the efficiency of the generator supplying the original 
wave. 

W. Rogers: I should like to ask what use has been made of 
this principle in multiplying the ordinary ringing frequency which 
is 16 cycles to 133 cycles for use on composite ringers on telephone 
circuits. 

S. P. Shackleton: I think the answer is that there has been 
no practical use made of it, and the principal reason is, I believe, 
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that the frequencies are so low that, to get very great efficiency 
it would require apparatus which would cost more than other 
apparatus available for generating 133 cycles. 

For a number of years we did use the fundamental ring- 
ing frequeney of 16 cycles or 20 cycles, whichever it happened 
to be, to operate an interrupter to produce the higher frequency. 
That, however, was none too efficient, and recently that has been 
superseded almost entirely either by a motor-generator set or by 
an improved type of interrupter operating from direct current. 

W. Rogers: I do not suppose that this is a matter of much 
importance to the telephone companies, but it is of some impor- 
tance to the railroads. The telephone company is in a position 
to use the methods deseribed by Mr. Shackleton, because of 
their larger installations and because of the fact that their long- 
distance circuits are numerous and centralized. However, on 
the railroad, we have composite circuits which terminate at points 
where these things are not available. One of our greatest 
troubles is with our composite ringers. Most of us are still 
using the old interrupter, operated from d-e. or 16-cycle ringing 
current, and it has been suggested, and I believe demonstrated, 
that it is possible to take two, or, perhaps, three 47A repeating 
coils and, by saturating the cores of one of them and connecting 
them in a certain manner, change 16-cycle ringing current to 
approximately 133 cycles. 

S. P. Shackleton: The only case of which I know where the 
higher frequeney, 133 cycles, has been obtained by frequency 
changers of that type has been in Philadelphia, where our 
men became very much interested in that problem. They had 
working for several years, composite ringers supplied by means of 
such a device. I looked over the layout there and do not re- 
member all the details of it, but I am very sure that if the fre- 
queney changer was made commercially available it would cost 
more than the interrupter which we are now using on our tele- 
phone circuits. 
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W. W. Brown: In reply to Mr: Kellogg’s question regarding 
the efficiency of the power supply for frequency multipliers 
load: It is possible to adjust the frequeney-multiplier circuits so 
that the load is approximately at unity power factor. This is 
entirely feasible in radio-frequency circuits, but uneconomical 
in relatively low-frequency circuits on account of the large ky-a. 
of the condensers reqtired. Multiphase power supply appears 
to be the solution for the relatively low-frequency circuits. 


Another probable radio application of frequency multipliers 
will be in connection with necessary changes to increase the pos- 
sible rate of sending by long waves. In order to improve the 
efficiency of long-wave antennas, the resistance has been de- 
creased to a remarkably low value. The effect of lowering the 
resistance is to lengthen the time constant of the antenna. A 
low time constant of such an antenna tends to cause distortion 
of signals at high rates of sending. By using a higher frequency, 
the time constant of a given antenna is shortened, which permits 
higher rates of sending. The application then will be in multi- 
plying the entire output from a large alternator for high-speed 
transmission. 


N. Lindenblad: In answer to Mr. Kellogg’s question, the 
primary source is not affected as feed-back effects are prevented 
either by means of tuning or the Alexanderson neutralizing 
transformer. 


In answer to.Mr. Roger’s question, it must be understood that 
frequencies obtained by the multiplication method referred to 
are only whole multiples of the fundamental frequeney, not 
fractional multiples. 


I agree with Mr. Shackleton regarding the probable high cost 
of the frequency changer for increasing the frequency of 16 
cycles to 133 cycles, unless the demand for such a device is large 
enough to justify the cost of the development work. 


Electric Propulsion of Ships 
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Synopsis.—This paper deals with the electric propulsion of 
practically all classes of vessels. The several types of electric drive 
’ are treated, in general, with special emphasis on Diesel-electric 
drive, as it is believed that this type of electric drive will be of most 
general interest, particularly to the inland section of our country, 
since it is especially applicable to the smaller size vessels, such as 
are used on rivers and lakes, to vessels in the coastwise trade and to 
the usual size of ocean freighter. 

All types of propelling equipment, however, will be referred to for 
the purpose of comparing the advantages of electric drive with 
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other methods of ship propulsion and to show the natural advantages 
of each particular system. 

It is the intent of this paper to provide data valuable in the 
selection of the proper type of drive for each application, which 
must necessarily be determined by the character of the vessel and the 
service it is to render. Hach type referred to has a particular field 
in which it is best suited. 

The authors desire to give credit to the Westinghouse and General 
Electric Companies for much of the data and material for cuts 
included in this paper. 


INTRODUCTION 


VEN a comparatively small. ship represents a 

considerable investment. Capital being tradition- 

ally conservative and as ship owners have to con- 
sider the lives of passengers and crew as well asproperty, 
it follows that the established systems of mechanical 
transmission will be preferred until it has been es- 
tablished to the entire. satisfaction of owners and 
operators that the electric drive possesses elements of 
safety, reliability and economy superior to any other 
type which may be considered. 


The object of this paper is to show that electric 
drive, when compared with any other system, has out- 
standing qualities of safety and reliability and that the 
economy is superior except. where special conditions 
favor one of the older types. Electric drive is, of course, 
still in its infancy and it is to be expected that a longer 
period of development will still farther extend its field 
_ of application. 


As will be noted in the bibliography, several papers 
have already been written on different phases of this 
subject, but in this paper it is proposed to cover the 
entire subject in general. 


The use of electricity for ship propulsion is no longer 
an experiment. H.L. Hibbard’s paper on The History 
of Electricity on Shipboard, refers, in general, to several 
installations, all of which have been most successful. 
The superiority of this type of drive has been apparent 
for some time and the constituent parts have been well 
established; but not until comparatively recent years 
has it been practically applied. 


The United States Navy, realizing the advantage of 
electrical drive, decided to give it a comparative trial 
with that of reciprocating engines and geared turbines. 
The success of the electric method of propulsion in the 
U.S. collier Jupiter, (now the aeroplane carrier 
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Langley), as compared with that of the engine-driven 
Cyclops and the geared turbine-driven Neptune was 
instrumental in inspiring the U.S. Navy to adopt it for 
all subsequent capital ships, the first of which was the 
U.S.S. New Mexico. 

The justification of the turbine-electric system of 
propulsion for ships is that it affords a transmission 
efficiency very nearly equal to that obtainable with 
gears of suitable speed reduction for economical tur- 
bines and propellers, and that it accomplishes this 
result by a simpler and more flexible means. 

The justification of the Diesel-electric system - for 
propulsion of ships is that it affords the fuel economy 
of the Diesel engine with the added advantages of 
smaller and simpler engines, flexibility, reliability and 
superb maneuvering qualities. 


RECIPROCATING ENGINE DRIVE 


For many years the reciprocating engine has been 
a virtually completed development, possible improve- 
ments being mere matters of detail. In many cases and 
especially in the larger installations, it is objectionable, 
due to its weight and space factors. However, this type 
of drive is reliable and thoroughly understood by 
operating engineers. It will probably be used indefi- 
nitely for ship drives as there are certain types of ships 
in which it would be inexpedient to apply other 
methods of propulsion, due to definite economic reasons. 

The cost of fuel does not permit the general use of 
reciprocating engines in land stations, and this same 
objection exists on board ship. 


TURBINE DIRECT DRIVE 


The first radical change in steamship propulsion was 
brought about by the introduction of the direct- 
connected turbine. This type of drive, however, is 
admittedly imperfect because the most efficient, 
lightest and simplest turbine is essentially a machine of a 
definite high speed, while the most efficient propeller is a 
low-speed device, so that the efficiency of both must be 
sacrificed in compromising the speed. The great 
majority of direct-connected turbine-driven ships now 
in operation have turbine speeds entirely too low for 
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good economy, with consequent efficiency little better 
than that of reciprocating engines, whereas, ordinarily, 
a turbine may be considered appreciably more efficient 


than a reciprocating engine, due to simple rotation and | 


a® much higher ratio of steam expansion. This dis- 
advantage undoubtedly retarded the introduction of 
turbines for propulsion of ships before the use of gears. 
Nevertheless, this method of propulsion has been 
installed in some very fast passenger vessels as well as 
warships and destroyers. The Mauretania is a striking 
example of compromise in speed necessary, as the 
propeller and turbine speed is 188 rev. per min., whereas 
the most economical speed for the turbine would be 
1400 rev. per min. and for the propeller, about 150 
rev. per min. High-speed turbines of equal capacity 
in daily use are about 80 per cent efficient, while the 
Mauretania turbines are only 62.75 per cent efficient. 
This objectionable feature was principally instrumental 
in the introduction of mechanical reduction gears for 
ships. 

As the turbine is not reversible, it is necessary either 
to provide reversing wheels in the main unit or a com- 
plete separate reversing turbine. A reversing element, 
when running ahead, introduces losses as great as 
114 per cent, and, being relatively small and inefficient, 
provides less backing power than that of reciprocating 
engines. The friction loss of the reversing turbine in 
the ahead direction is several times that in the astern 
direction. ‘There is also a grave possibility of danger- 
ously heating the reversing wheels if the vacuum drops. 
These causes have contributed to many turbine failures. 

Turbines with reversing elements must necessarily be 
designed with larger clearances, thus lowering their 
efficiences; and the larger diameter necessitates larger 
radial clearances. Also the losses in the large con- 
necting piping of cross-compound turbines are very 
appreciable. Separate reversing turbines complicate 
the control and add to the weight, space and cost. At 
its best, therefore, this method of drive provides rather 
poor maneuvering qualities and slow stopping, re- 
quiring, in some cases, as long as forty seconds to stop 
the screws when going full speed ahead. 

The direct-connected turbine is further handicapped 
by its inability to utilize high superheat. 

Therefore, the direct-connected turbine, although 
attractive in its apparent simplicity, has probably 
progressed as far as can be expected, and cannot be 
regarded as a satistactory general method of propulsion. 

TURBINE GEAR DRIVE 

Many of the objectionable features of direct-turbine 
drive have been overcome by the introduction of 
mechanical reduction gears. They permit both the 
turbines and propeller to be designed for their most 
efficient speeds. Reduction gears are especially appli- 
cable to destroyers and light cruisers where the high- 
speed light turbine and relatively low-speed propellers 
are desired. Here the weight factor is most important 
and probably more than offsets the advantages of 
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electric drive in such installations. Gear drive machin- 

ery for low-speed cargo vessels is, in general, lighter and 
the transmission efficiency is probably better than that 
of electric drive. However, when considering losses in 
the reversing element, extra oiling requirements, pack- 
ing losses, extra steam losses due to larger clearances, - 
the transmission efficiency is reduced very nearly to 
that of turbine electric drive. 

The rubbing contacts of gears is of utmost concern 
and, to be safe, the gears must be liberally designed. 
With either the turbine direct or gear drive with more 
than one screw, the disabling of one unit means drag- 
ging a propeller. Furthermore, reduced speed condi- 
tions introduce inefficient operation as all prime movers 
must run at lower than designed speeds. Sudden 
application of load and vibration are hard on gears as 
is also misalinement due to springing of the hull or 
inaccurate workmanship. In many cases the noise of 
gears has been objectionable, especially on passenger 
ships. Life of gears has been uncertain and there have 
been many disappointments. However, with proper 
design and improved methods of manufacture, these 
troubles-are being overcome. Considering the numer- 
ous installations, the most of which have proven satis- 
factory, and the relatively small percentage of failures 
to this type of drive is due considerable credit. Some 
cargo ships have run as much as 300,000 miles with the 
gears still in good condition. 

Like the reciprocating-engine drive, gear drive will 
undoubtedly be used indefinitely as the application of 
electric drive in certain classes of vessels: appears, at the 
present time, unwarranted. 

DIESEL DIRECT DRIVE 

Following the development of the steam turbine 
came that of the Diesel engine, with its high fuel econ- 
omy and attendant advantages. 

A large percentage of European cargo carriers are 
equipped with direct-connected Diesel engines, and 
this type of propulsion is gaining rapid headway in this 
country. In addition to the many American Diesel 
driven ships already in commission the Shipping Board 
has decided to equip eighteen vessels of our Merchant 
Marine with direct-connected Diesel engines. This 
type of engine, however, has its limitations in capacity ~ 
although the size of units is steadily increasing. With 
the larger sizes the space factor is of great concern as 
engines rooms must be made larger to accommodate 
them. ‘Twin screw direct drive has been frequently 
used in order to provide two units for increasing re- 
liability and permit the higher propeller speeds re- 
quired by the engines, and also to have the engine come 
within the present limit in capacities. In many such 
cases the use of one propeller would permit a much 
better design. 

Reversing difficulties with the Diesel engine, while 
now not as serious as in the earlier designs, are ap- 
preciable as the design is more complicated and extra 
precaution is necessary with most makes of engines, 
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always to have available high-pressure air. When 
maneuvering, this feature is of appreciable concern. 
The most economical speed of the Diesel engine is 
much closer to that of the propeller than is the case 
with the steam turbine, but the difference is great 
enough to cause considerable losses. These losses are, 
however, not sufficient to warrant the use of gears 
with Diesel engine drive. 


ELECTRIC PROPULSION GENERAL 


While the development of the horizontal steam 
turbine and the Diesel engine opened new eras in ship 
propulsion, it remained to develop some speed-reducing 
connecting link between these prime movers and the 
propellers that. would allow both to be designed and 
run at their most efficient speeds. The mechanical 
reduction gear provided a very logical connecting link; 
however, the advent of the electric drive introduced a 
fully reliable system with inherent advantages. The 
following enumerated points, substantiating this state- 
ment, are by no means theoretical, but, on the contrary, 
are the results of actual observations taken over a 
considerable period of time and with different types of 
ships. Such reasons are responsible for the rapid 
increase in the number of electrically propelled ships. 


Reliability. The universal use and the indisputable 
success of electrical apparatus on land is sufficient 
testimony in behalf of ‘its reliability. Its application 
to ship propulsion presents no serious difficulty, as the 
deleterious affect of salt and moisture have long been 
recognized and are easily surmounted by proper 
insulation of the windings and other precautions. 


Electrically propelled ships now in service have 
demonstrated their unquestionable reliability and 
ability to withstand the most rigorous climatic and 
sea conditions. 

The electrical transmission of power from the prime 
mover to the propeller provides the simplest, most 
elastic, most flexible and probably the most reliable 
method of speed reduction. 

Economy. When considering fuel, water, lubricants 
and supplies in economy turbine electric drive compares 
- very favorably with geared turbine drive and greatly 
exceeds that of reciprocating engine drive. 

The fuel economy of the Diesel direct or the Diesel- 
electric drive is admittedly very much better than that 
of other types of drives, and on an overall comparison 
there appears to be little difference between these two 
types, as the flexibility and intangible advantages of 
Diesel electric make up for the expected better fuel 
economy of the limited Diesel direct drive. 

While turbine electric drive is apparently less 
economical than geared turbine drive at full power in 
the ships which operate at several speeds, there are 
decidedly superior economic results at reduced power, 
especially on twin or multiple screw vessels having two 
or more main generators, as all propellers may be 
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operated from one generator. Also, efficiency of 
electrical machinery does not change with age. 

Commander S. M. Robinson has pointed out that 
the fuel consumption of the U. 8. S. Idaho and Missis- 
sippi, (direct-connected turbine drive), depending on 
the speed, is from 20 to 47.8 per cent more than the 
U. 8. S. New Mexico and at full power is 32 per cent 
more. Subsequent electrically driven battleships are 
showing better economy than the New Mezico. 

Weight. The total machinery weight with electric 
drive is much lighter than with reciprocating engine 
drive, but is usually slightly heavier than geared 
turbine installations, although on certain classes of 
ships it may be lighter. This is particularly true for 
Diesel-electric drive. This depends somewhat on the 
arrangement, design and foundations in the engine 
room. Weight is an important item, as it directly 
affects cargo space and displacement. In analyzing 
comparative weights, a fair allowance must be made 
for the excess weight incident to overload capacity of 
electrical apparatus, factor of safety and flexibility of 
reserve. 

Space. The position of the main generator with 
respect to the propelling motor is not essential. There- 
fore, a more convenient arrangement is possible than 
with any non-electric type of drive. 

Of course, the Diesel electric shows up most favor- 
ably in space requirement due to the absence of boilers 
and the use of smaller fuel tanks. 

With turbine-electric drive the condensers can be 
located directly under the turbines thereby saving 
floor space. However, in most cases, turbine electric 
drive requires more space than geared-turbine drive, 
although in many. cases the flexibility of location with 
electric machinery permits a more advantageous 
utilization of space and requires a smaller engine room. 
The number of propellers and beam of ship have a direct 
bearing on this feature. In the case of the 7000-ton 
U. S. collier Jupiter the weight of the electric propel- 
ling machinery is 156 tons, whereas for her sister 
geared turbine drive ship Neptune, the weight is 150 
tons. For 3000-ton freighters with certain makes of 
double reduction gears the weight is 9 tons less than 
turbine electric drive, but the saving in shafting by 
locating the motor aft makes the electric drive lighter. 

Cost. The initial cost of the propulsion equipment 
has a direct effect upon the earning power of the ship: 
because of interest, depreciation and insurance charges 
and, therefore, is an important item. 

The features entering a definite comparison in cost 
of the various systems are somewhat difficult to 
determine, but on the basis of equal performance in 
regard to propeller torque and speed and considering ~ 
all items relative to the propelling equipment, the 
costs of electric-drive systems do not appreciably 
exceed the cost of other types of drive. 

When considering that the electric drives, especially 
the Diesel type with its smaller engines, permit more 
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or less standardization of prime movers and generators, 
resulting in a better production and stocking basis, 
the cost item gives them somewhat of a preference. 
The cost of the propulsion machinery alone is, however, 
not the only important factor, as advantages of the 
electric drives in the saving of piping, shafting, shaft 
alleys, oiling systems, maintenance, etc., will more 
than offset the extra cost of electric machinery in 
many cases where other systems, on the first analysis, 
appear preferable. 

Operation. Ordinarily, as there are no large valves to 
operate, only one man is required to handle the control. 
The motor requires little attention and even if located in 
a separate compartment does not require an extra man. 
The fear.of inability to obtain proper personnel for the 
operation of electrically driven ships was in the begin- 
ning an anticipated obstacle, but since the Jupiter, 
Kamoi, J. H. Senior, Poughkeepsie, Golden Gate ferry, 
New Mexico and many other similar ships have been 
successfully operated with no trouble from this source, 
this objection no longer exists. It is not necessary that 
the operator have any more theoretical knowledge of 
the electrical machinery on shipboard than on land, 
but simply must know its operating characteristics and 
general care. In many cases the operators of electric 
drive ships have had little experience with electrical 
machinery and principally due to simple control they 
have had no trouple in properly handling it. 

The Westinghouse and General Electric companies 
have conducted special training schools for such opera- 
tors and other similar schools will undoubtedly be ar- 
ranged if found necessary. 

The same doubt arose concerning operators for tur- 
bine driven ships, but there has been no trouble in 
providing an adequate supply of them. This is also 
true of electric locomotives and in practically all 
cases the operators are so enthusiastic they would 
hestitate to return to the steam drive. 

The omission of the boilers in the case of Diesel-elec- 
tric drive correspondingly reduces the operating force 
with an appreciable saving in expense, especially at sea. 

Electrically driven vessels will naturally attract 
competent engineers who will take the best care of the 
machinery and thus tend to realize better efficiencies. 
First hand knowledge of the facts will convince the 
doubtful ones of the value of the electric drive. 

Maintenance. Electrical machinery does not wear 
as does other machinery, and with the absence of wear- 
ing parts, except in bearings, there is little to get out of 
order. Furthermore, the maintenance would naturally 
be less than for other forms of drive for the reason that 
load conditions and control operations are less severe 
on the machinery and propeller. As a matter of fact, 
the years of experience with electrically driven vessels 
have proved that the cost of upkeep is surprisingly 
small. 

Performance. The inherent characteristics of elec- 
trical machines are particularly well suited to ship 
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propulsion. Their operating characteristics are the 
same in either direction of rotation, and consequently, 
except when peculiar conditions make it undesirable 
to utilize this feature, afford full torque and power for 
reversal. The reversing provision with geared turbine 
drive is only from 40 to 60 per cent of the ahead power 
and although this is claimed to be sufficient for ordi- 
nary conditions, emergency cases frequently warrant 
full power astern. This is particularly true of high- 
speed ships. An electric drive ship can be stopped in 
considerably less time than a geared turbine ship. 
This is not due wholly to the lesser backing power of 
the latter, but to the inefficiency of the reversing ele- 
ment of the geared turbine which incidentally causes an 
enormous draft on the boilers, greatly reducing the 
steam pressure. 

The ability of the electric machinery to absorb and 
dissipate the power delivered by the propeller is of 
considerable value. Furthermore, the control of the 
propeller with electric drive is speedier than with any 
other type of drive. Analysis shows that reversing at 
full speed is easily accomplished and does not place 
harmful requirements upon the electrical machinery. 
These characteristics make electric propulsion ideal for 
difficult driving, stopping and maneuvering. 


Efficient Speed Reduction. Electric drive lends itself 
to any desired reduction between the high-speed tur- 
bine and the low-speed propeller and both may be 
designed to operate at a speed corresponding to their 
highest efficiency. While the speed reduction ratio for 
Diesel electric is not so great as with turbine electric 
drive, it permits the use of standard speed engines and 
the best propeller speeds. ‘With two generating units, 
one will propel the vessel at approximately three-quar- 
ters speed with practically no sacrifice in economy. 
With direct drive, a disabled unit would necessitate an 
idle propeller. ; 

Electric drive affords means of reversal by a simple 
change in electrical connections without changing the 
direction of rotation of the prime mover and any de- 
sired reversing torque, up to full torque or more, can 
be obtained without affecting the efficiency of the equip- 
ment in the forward direction. 


Both the turbine and Diesel-electric systems are 
capable of developing large overload torque at reduced 
speed and installations to date have proved this feature 
to be sufficient to meet all emergencies. 


Measurement of Power. Accurate and constant 
knowledge of the power output is always obtainable 
from meters on the control board. In this manner 
the power requirements under varying operating 
conditions may be ascertained and studied. Also 
by recording electrical meters the total power on any 
trip or selected part of a trip may be obtained. This 
data with a record of fuel consumption affords simple 
means of calculating economy. Further, especially 
with two or more screws, it permits the detection of: 
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a. Excessive friction in thrusts, propeller shaft 
bearings or stern tube bearings. 

b. Incorrect machinery or wrong pitch of propeller 
and bent or broken propeller blades, 

ce. Poor steering or improper rudder action due to 
mechanical troubles or wave movements on account of 
storm or wind conditions. 

With no other type of drive can such defects as above 
noted be quickly detected and proper remedies expedi- 
tiously applied, 

High Pressure and High Temperature. As the tur- 
bines used in connection with electric drive have 
but one direction of rotation they readily accom- 
modate themselves to high pressure and high tempera- 
ture steam and may, therefore, take advantage of these 
two very important economic measures. 

Flexibility of Machinery. With a plurality of genera- 
ting units, the failure of one will not disable the vessel. 
Simply by switching, any number of the generators 
may be made to supply power to all motors or any may 
be disconnected with little handicap to the remainder 
of the outfit. Furthermore, if reduced speed is desired 
for economy, part of the generators may not be run, 
thus permitting the active ones to operate economically 
near their rated and most efficient output. This would 
not be true with direct-connected units, as they must all 
operate at the reduced and consequently uneconomical 
loads. This feature is particularly desirable for ferry- 
boats and constitutes a reserve power factor; also for 
long cruising periods, it is of great importance in its 
affect upon fuel storage. It has a decided advantage 
in connection with battleships. Furthermore, the 
plurality of engine sets makes it unnecessary to carry on 
board as many spare parts as with direct-drive instal- 
lations. 

Main Generators Supply Auxiliaries. A very out: 
standing feature common to many turbine electric 
and most Diesel-electric driven ships is the ability 
to use the main propulsion generators for supply- 
ing power to axuliaries used in port. The power re- 
quired for handling motor-operated cargo machinery 
is practically always considerably more than that re- 
quired for the electric auxiliaries used at sea. Therefore 
in the non-electric-drive ships, the electric plant must 
necessarily be of sufficient size to provide for port 
conditions. This, of course, results in appreciable idle 
generating capacity at sea, or otherwise the sacrifice 
of motor-operated port auxiliaries. As Diesel-driven 
ships ordinarily have electric cargo machinery and as 
the cost of Diesel-driven generators is considerably 
more than for steam engine or turbine-driven generators 
this feature becomes quite important. These advan- 
tages have constituted a prominent factor in deciding 
for electric drive in several installations. 

Location of Machinery. Electric drive permits the 
turbines to be most conveniently located, especially 
with reference to the boilers reducing the steam piping 
to a minimum, with consequent saving in weight, 
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steam leakage and condensation. The motors may be 
located near the propellers thus reducing the long and 
expensive shafts, shaft alley and shaft bearings. 

In case of battle craft, the units may be located in the 
safest place, constituting important naval advantages. 
With any electric-drive ship the fact that the large and 
bulky engines or turbines do not have to be in line with 
the propeller shafts gives great advantage in distribu- 
ting the machinery and more economically arranging 
them in the machinery space. 

Again electric drive affords a much cleaner engine 
room than can be obtained with most other types of 
drive. 

Absence of Vibration and Noise. Electrical machinery 
operates without vibration and practically without 
noise. These features are highly desirable for all 
classes and especially passenger vessels. 

No Racing of Propellers. As the prime movers for 
generators have efficient governors, the tendency of the 
propellers to race in heavy weather is eliminated. Al- 
though it is not the present practise, this feature can 
also be obtained by other types of drives, providing 
governors are used on the propelling units. In the case 
of direct and geared turbine drives it is customary to 
install only speed limit governors. 


TURBINE-ELECTRIC DRIVE 


With turbine-electric drive alternating current ap- 
pears most satisfactory, as the generator is inherently 
suitable for direct-connection to the economical high 
speed turbine. D-c. turbine-electric installations have, 
however, been successfully used in ferry-boats, but this 
system is not suited for very high powers because geared 
turbines must be used. Also, the use of alternating- 
current permits high voltages with less current and 
consequently smaller interconnecting cables. 


The electrical machinery is practically the same as 
used in land installations, except that it is specially 
treated to withstand marine conditions of moisture and 
salt. Unlike land installations, however, no power 
other than that for propulsion is required of the genera- 
tors and, therefore, their speed and control may be 
varied to suit the desired combination with the motors. 
With high-speed turbines and improved electrical ap- 
paratus a good transmission efficiency can be obtained. 
This efficiency compares very favorably with double 
reduction gears when considering the losses in the re- 
versing turbine, extra shaft bearings, etc. 

When starting a turbine electric-drive vessel with” 
a-c. machinery the turbine speed is reduced and excess 
generator excitation applied for pulling the motor in 
step, after which the speed of both generator and motor 
increases together. 

Although the use of direct-current power is not so 
popular with turbine electric drive as alternating-cur- 
rent power, the installation in the ferry-boats of the San 
Francisco-Oakland Terminal Railways is of consider- 
able interest. 
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‘The propulsion machinery consists of a three stage 
condensing 1100-kw., 3600-rev. per min. horizontal 
Curtis steam turbine, connected through reduction 
gears to a d-c. generator rated at 1000 kw., 500 volts, 
900 rev. per min., supplying power to two double 
armature motors rated at 1200 h. p., 500 volts, 100/125 
rev. per min. One motor is coupled to the forward pro- 
peller and the other motor to the aft propeller. 

A 75-kw., 115-volt, 900 rev. per min. exciter ismounted 
on the end of the generator shaft and supplies excita- 
tion current to the generator and motor fields, and con- 
trol current for operating the contactor solenoids and 
relays on the control panel. 

The propelling machinery is controlled from the 
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Overload protection is provided by means of line 
relays opening contactors in the motor circuits. In 
case the overload relays function, it is necessary to 
move the controller to the “‘off’”’ position to reset them. 

For the purpose of supplying auxiliary power for 
lighting and various other needs of the ship, two 
35-kw., 125-volt, steam-turbine d-c. generator sets are 
installed. ; 

Both the induction and the synchronous type 
motors are being used with complete success. 

Induction Motors. To date, three general types 
used are: 

a. Form-wound with external resistance . 

b. Form-wound with an additional high-resistance 
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1—CaBLE CONNECTIONS FOR SINGLE SCREW Boat PRoPpELLED BY INDucTION Motor 


Cables 


yi tabh 


Single Conductor.) 3... <n hi: <s 
Two single conductors......... 
Tiwi COP CULCTOR G2 sat ae elenarem aeons 
Single conductor exciter....... 
Single conductor ex. field...... 
Two conductor to vent. motor 


Size Diam Spec. 
1,250,000 cm. 2.5) 391-1 
1,250,000 cm. 2.5 €a.) | S91—1 

200,000 cm. 1,92 E5re id 
300,000 cm. 1,24 15 cld 
30,000 cm. .62 15 ¢ 1d 
60,000 cm. i26 Laci’ 


engine room. By means of a controlling rheostat, 
the shunt-field current of the generator can be varied to 
obtain different propeller speeds or reversed to change 
from ahead to astern movement, or vice versa. This 
rheostat also controls the operation of the two main- 
line contactors and the two.contactors, which shunt 
the speeding-up section of the motor-field resistor. 
The motor operating as the astern or driving motor has 
full resistance in its field circuit, while the forward 
motor has sufficient of its field resistance short-cir- 
cuited to produce a speed just above the drag speed of 
the propeller. ° The two armatures of each motor are 
connected in series, while the two motors are connected 
in parallel and in series with the main generator. 


squirrel-cage winding for starting and maneuvering. 

c. Double squirrel-cage winding, one high resistance 

for starting and maneuvering. 
Type a is used mostly for merchant ships and also 
on the U. 8. S. Jupiter, Tennessee and Colorado; type 
b is used on the U. S. S. California, Maryland and 
West Virginia; type c is used on the U. S. S. New 
Mexico. 

By providing the motors with pole-changing wind- 
ings, an additional means is afforded for a different 
speed ratio between the generator and propeller, thus 
utilizing, in a most economical manner, the full output 
of one generator at reduced propeller speeds. This 
feature, to date, has been used only on battleships 
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where an economical cruising condition is of great 
importance. 

The concatenation of motors, principally where two 
per shaft are used, is another way of obtaining a 
further speed ratio between generators and propellers. 
This method was contemplated on some of the battle 
cruisers which were cancelled by the Limitation of 
Arms Conference. 

Typical merchant ship installations with induction 
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induction motor, which is directly connected to the 
propeller shaft. The reduction ratio between the 
turbine and shaft speed is 30:1. 

The propelling motor has a motor-driven blower, 
while the generator is self-ventilated. The air from 
both generator and motor is led away through ducts. 

Two separate 125-volt exciters supply current for 
generator field excitation and the motor-driven blower. 
For operating the motor; in conjunction with the 


TWIN CONDUCTOR CABLE 
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2—CaBLE CONNECTIONS FOR SINGLE SCREW SuHip PROPELLED BY SYNCHRONOUS Motor 


Fic. 

Sym- 

bol Location Volts 
A M in A. C. cable 2300 
B Main d. c. cable 250 
(6; Gen. field cable 250 
D Motor field cable 250 
E Control cable 125 
F Control supply 125 
G Meter leads 125 
H Disch. res. & exc. sh. 

fid. 125 

4 Meter shunt leads 125 
K Exciter pos. & neg. 250 
L Neutral 250 
M Tachometer 

N Vent, motor 125 


| Overall 
Size Diam. | Spec 
650,000 cm. 5 Sy le 435 
400,000 cm. nig: Gy TS eLp 
200,000 cm. 1.07” 15 C1D 
400,000 cm. 1.4” 15 C1D 
2-9con.11,000 cm. |1.32”ea.}15 C1D 
5 |2 cond. 30,000 cm.|1.05” 15 C1D 
3 cond. 11,000 cm.| .87” 15:1 
30,000 cm. (627 ToGLeDy 
2 cond. Sw 15 C1D 
600,000 cm. 1.6” 15 C1D 
200,000 cm. 1:07” 17 G1D 
2 cond. 60,000 em.|1.258” !15 C1D 


Specify varnished cambric insulation, leaded and armored for all con- 


ductors except A & M. 


motors will be found in the Shipping Board vessels 
Eclipse, Invincible, Archer, Independence and Victorious. 
The propelling machinery for each of these vessels 
consists of an eight-stage, 3000 rev. per min., horizontal 
steam turbine direct-connected to a 2300-volt, two- 
pole, three-phase, a-c. generator, supplying a 3000-h.p., 
2300-volt, 100-rev. per min., three-phase, 60-pole 


turbine generator, a control equipment is installed 
consisting of a water-cooled resistor and a combined 
control group and control panel. 

The motor is started, stopped and reversed by means 
of the high- and low-voltage contactors of the control 
group. In starting from rest or reversing normally, 
the water-cooled resistor is inserted in the motor form 
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wound rotor circuit. When the motor is nearly up to 
speed in either direction, the resistor is short-circuited. 

The motor speed is varied by varying the generator 
frequency which is accomplished by changing the 
turbine speed. The turbine main hydraulic operated 
governor will regulate its speed from 20 per cent to 
110 per cent. 

The Eclipse was the first electrically driven merchant 
ship to circumnavigate the globe. She made the trip of 
29,763 miles at an average speed of 10.3 knots, making 
twenty ports without one stop at sea. 

Synchronous Motors. For ship propulsion, syn- 
chronous motors are provided with a high-resistance 
squirrel-cage winding, (amortisseur), embedded in the 
pole face of the d-c. field poles. This winding is used 
for starting and maneuvering and where thus far 
applied, provides sufficient torque for all conditions. 


Fig. 3—PROPULSION CONTROL AND PANEL BoarpD, JAPANESE 
Navy Fue. Sure Kamoi 


After being brought up to speed as an induction motor, 
direct-current field is applied and the motor then runs 
in synchronism. 

The Japanese fuel oil vessel Kamo? is a typical 
installation of synchronous-motor drive. The pro- 
pulsion machinery consists of a 10-stage, 2400-rev. 
per min., horizontal Curtis turbine direct-connected 
to a 6250-kw., 2300-volt, 40-cycle, three-phase a-c. 
generator supplying power to two 3125-kw., 4000- 
s.h.p., 2300-volt, 120-rev. per min., three-phase 
synchoronous motors direct-connected to the propeller 
shafts. 

The motors are open type and have motor-driven 
exhaust fans for ventilation; the generator is enclosed 
and self-ventilating. The air from both the generator 
and motors is led away through ducts. Temperature 
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detecting equipments are provided for the generator 
and motors. 

Two 400-kw., 112/225-volt, 5000/1100-rev. per min. 
turbine driven, three-wire exciter sets supply the 
necessary excitation current for the fields of the 
generator and motors and also power for the blower 
motors and ships auxiliaries. In addition, a 625 kw., 
750-volt, 1100 rev. per min., a-c. generator is placed in 
line with the outboard exciter and in case of emergency 
can be coupled to the exciter shaft and used to supply 
line current to the propelling motors sufficient to bring 
the ship into port at a speed of about seven knots. 

The control equipment consisting of two control 
groups and a control panel is installed for operating the 
motors in connection with the main turbine generator 
or auxiliary a-c. generator. 

The motor is started. stopped and reversed by 
means of levers on the control panel, which electrically 
operate the line and field contactors in the proper 
sequence for the desired operating condition. These 
contactors can also be closed manually by means of 
levers at the side of the control panel. 

In starting from rest, double field current is applied 
to the generator and the motors are operated as induc- 
tion motors until nearly up to speed, at which time 
current is supplied to their d-c. fields, when the motors 
operate as synchronous motors. The generator field 
current is then reduced to normal. In reversing, the 
main operating lever is moved to the “‘off’’ position, 
the reversing lever set to the astern position and the 
main lever advanced as when starting ahead from rest. 
The motors are thus operated as induction motors’ 
bringing the propeller to rest and starting in the 
reverse direction until nearly up to speed, when d-c. 
field is apphed for operation as synchronous motors. 

The motor and propeller speed is varied by changing 
the generator frequency, which is accomplished by 
changing the turbine speed by means of its hydraulic 
operating governor mechanism. 

The motor can be operated continuously at about 
50 rev. per min., in either direction as an induction 
motor, if necessary. 

The Coast Guard Cutters Modoc, and others, also 
have synchronous motor equipments and _ similar 
control to that of the Kamoi, although they have a 
slightly different maneuvering arrangement. The San 
Benito, for which the propelling machinery was sup- 
plied by the British Thompson Houston Company, is 
also a good example of synchronous motor drive. 


DIESEL-ELECTRIC DRIVE 


The inherent advantages of this system indicate 
remarkable possibilities in the development of ship 
propelling machinery. ‘The several ships now equipped 
with machinery of this type have shown most creditable 
performance and have lived up to every expectation. 
Although this method is relativély new, the constituent 
parts have been well established. 
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Diesel Engines. Any reliable make of engine which 
operates at a reasonably high rotative speed may be 
used. Engines for electric drive need not exceed 
established safe piston speeds for continuous operation. 
By using several cylinders of short stroke and small 
bore the heat stresses common to large cylinder slow 
speed engines are minimized and the result should be 
an engine of less maintenance and simpler construction. 
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thus, in some cases, more than offsetting the added 
weight of the electrical machinery and resulting in an 
overall machinery weight probably less than for 
certain other types of drive, 

The field of application of the Diesel engine to ship 
propulsion is greatly enlarged by electric drive, as 
several available units may be used in one installation 
whereas direct drive is somewhat limited by the 


As the engine always starts under no load and runs in 


present limit in sizes of most makes. 
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the same direction and at constant speed, the design is 
further simplified by the omission of the reversing gear; 


also the large supply of high-pressure maneuvering air 


is reduced to a minimum. If desired, only one air- 
starting is necessary, as the remaining engines may be 
started by their connected generators running as 
motors supplied by power from the first generator. 

In permitting high rotative speed engines, Diesel- 
electric drive rapidly reduces the weight per b. h. p., 


4— CONNECTIONS FOR JAPANESE Navy Furr Oi, Sup Kamoi 


Selection of Power. Direct-current machinery is 
preferable as it permits of the generators being con- 
nected in series. Parallel connection of d-c. generators 
is practicable, but requires close governing and sacri- 
fices other desired features of series operation. 

While a-c. machinery could be used, especially 
with one generator and one motor, it is objectionable 
in that the propeller speed must be varied by: changing 
the engine speed. Furthermore, an installation with 
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more than one generator would require parallel opera- 
tion and close governing. 

Therefore, the direct-current system described is, 
decidedly simpler, more flexible and more reliable, 
affording more refined’ control and providing greater 
power in case of casualty to a generating unit. 

Control. With the d-c. system, motor speed and 
maneuvering may be controlled by armature rheostatic 
means. However, this method is wasteful during 
maneuvering and speed changes and necessitates a 
complicated controller. 

The Ward Leonard System of voltage control 
is by far the most satisfactory and has been 
used in practically all installations to date. With 
this system, both the generators and motors are 
usually of the shunt type, but in some cases have 
differential field windings and are separately excited 
preferably from the same source. The exciters may be 
direct-connected to the main units, or separate. Also, 
excitation current may be taken from the auxiliary set, 
as two sources of excitation should be supplied. The 
generators and motors may or may not have forced 
ventilation depending upon the speed and size and the 
desirability to keep size of machines to a minimum. 

The motor fields are excited with constant potential 
and always in the same direction. The generator 
field excitation is varied to suit the motor speed and 
direction. The motor speed under this condition varies 
in direct proportion to the voltage applied to the 
motor terminals and may be reversed by reversing 
the generator excitation; consequently it is only 
required to vary the generator fields from full excitation 
in one direction to full excitation in the opposite 
direction to maneuver from full speed ahead to full 
speed astern. 

With the series connection of generators, like speeds 
for all engines is unnecessary as a variation simply pro- 
duces a proportionate difference in the load carried by 
the generators, provided they are equally excited and 
have identical performance characteristics. Since it is 
necessary to handle only the comparatively low genera- 
tor field excitation currents, for complete control ahead 
or astern the Ward Leonard system is obviously much 
simpler and less expensive than the armature rheostatic 
control. Such simplicity has a further direct affect 
. upon the maintenance of the equipment. 

The control board contains suitable switches, instru- 
ments, meters, protective relays, circuit breakers, etc., 
and a special reversing field rheostat and a remote con- 
trol mechanism for operating the propulsion generator 
rheostat. This mechanism has an inherent time ele- 
ment for limiting the speed of operation for the safety 
of the electrical machinery. Such a speed limit, how- 
ever, does not handicap the operation of the ship as 
only about five seconds are required from full-speed 
ahead to the stop position. 

The switches for the machines are so arranged that 
any particular generator or motor may be taken out of 
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service by simply throwing its switch from one position 
to another and this can be done without interrupting 
service to the propelling motor. In large installations 
this is accomplished by a mechanically operated 
“set-up” device. 

With this type of drive provision is usually made for 
both pilot house and engine room control with a double 
throw switch on the main switchboard for transferring 
to the desired station. The control pedestal in the pilot 
house is arranged for remote generator field control and 
has the necessary ammeter, voltmeter and speed indi- 
cators to provide constant knowledge of the perform- 
ance of the propelling machinery. Pilot house control 
is, to date, practical with Diesel-electric drive only, and 
is of great convenience especially for tug boats and other 
types of vessels when maneuvering in close waters. 
No time is lost or mistakes made in transmitting orders. 

Overload protection for the generators and motors 
is provided in the form of line circuit breakers or line 
relays for opening the generator field in case of severe 
overload. Necessary interlocks and precautions are 
taken to insure proper operation and avoid mistakes. 

Fuel Economy. A properly designed Diesel-electric 
propulsive equipment requires about 0.55 lb. of oil per 
shaft h. p. for all purposes, whereas the average high- 
grade steam installation of any type requires about 1.0 
Ib. of oil per shaft h. p. This superiority results in a 
great reduction in fuel cost ahd permits additional 
cargo due to decreased weight or an increased cruising 
radius for a given amount of fuel. The economy of 
either type of Diesel drive is far ahead of that of all 
other types and is, therefore, most attractive for the 
moderate and medium large size installation. 

The Diesel engine system can be made ready for sail- 
ing on short notice and stand-by losses are eliminated. 
This is not true of the steam system which requires that 
the boilers, turbines, etc., be warmed up for a con- 
siderable period before getting underway. 

Flexibility and Reliability. By providing a reasonable 
number of small generating units and using the Ward 
Leonard system of control with series operation of gener- 
ators, the reliability of Diesel-electric drive is superior 
to that of any direct-connected drive, mechanically- 
geared drive, or any form of electric drive using single 
generating equipment. The smaller Diesel engines 
have probably been developed to a more reliable state 
than the larger sizes. Furthermore as the driving 
power varies as the cube of the speed a casualty to one 
of several generating units does not greatly impair the 
ability of the vessel to proceed. With a three generator 
installation the disabling of one engine set would reduce 
the ship speed to 88 per cent and the failure of two 
would reduce it to approximately 70 per cent of full 
speed. The only change in connections is the discon- 
necting of the disabled units and weakening the motor 
field to take the full load armature current. The faulty 
unit or units being of the comparatively small size’ 
may usually be repaired at sea. No other type of drive 


April 1925 


will permit the utilization of the full power of the re- 
maining units without overloading them or increasing 
the original size and weight. The reserve power thus 
obtained is far in excess of any other type of drive, 
including a-c. turbine electric. With a cross compound 
geared turbine single screw drive the failure of one ele- 
ment would give appreciably less than 50 per cent 
power from the remaining element and this would be 
with a sacrifice of considerable speed and economy. 

As the generating units are independent of the pro- 
peller they may be located to best suit the engine room 
arrangement and being of the smaller type, lend more 
readily to the better utilization of available space. 

Many Diesel electric installations include a double 
unit motor consisting of two armatures on the same 
shaft. This type of motor permits smaller diameter, 
added reliability and reserve power as one armature 
may be disconnected and the ship may still proceed 
with the remaining armature at approximately 70 per 
cent speed. The superiority of this feature to that of 
any other single screw drive is obvious. In the case of 
long cruises at reduced power this flexibility of units 
permits ideal conditions for economical operation. 
Any or all generators and motor armatures may be used 
in any desired combination by simple switching. 
Furthermore, the main generators may be used for opera- 
ting cargo oil pumps, winches, etc., thus reducing the 
size of auxiliary generators to a minimum and only 
sufficient for port duty when a main generator is not 
running. For most ships this avoids considerable 
idle machinery while underway. 

The Diesel-electric type of propulsion with the Ward 
Leonard system of control affords excellent maneuvering 
characteristics. When the generator field circuit is 
removed preparatory to reversing, or at any other time, 
the braking effect of the generator armature connected 
across the motor terminals brings the propeller almost 
instantly to a creeping speed, the energy being dissipated 
partly in friction, due to the motor being driven by the 
propeller and supplying power to the generator which, 
in turn, tends to drive the engine, and partly as heat in 
the motor and generator windings. The performance 
of the J. H. Senior and other Diesel electric vessels 
shows that the power delivered by the generator is not 
sufficient to cause any perceptible increase in engine 
speed and that the demand for maneuvering can be met 
without exceeding the permissible temperatures of the 
electrical equipment. 

With multiple-screw vessels there is considerable 
increase in load.on the propellers on the inboard sideof a 
turn. This feature naturally tends to overload the 
_ prime mover and for turbine electric drive with alter- 
nating-current machinery is taken care of by limiting 
the steam supply to the turbine in order to keep a stable 
condition between the generators and motors. The 
inherent characteristics of the d-c. generators and 
motors used with Diesel-electric drive, however, are 
such that they will carry this increased torque without 
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the least danger of becoming unstable. No special 
precaution need therefore be taken as there is always a 
stable coupling between the generators and motors. 

Applications. Because of the attractive advantages 
previously described Diesel-electric drive is particularly 
applicable to barges, cable ships, cargo ships, coastwise 
vessels, dredges, ferry boats, fire boats, fishing boats, 
lake boats, packets, river boats, tow boats, tug boats, 
yachts and any other requiring economy and good 
maneuvering and performance characteristics over a 
wide range of speed. 

The following table indicates those advantages 
offered by Diesel electric drive which are of particular 
importance in the various types of ships: 


TABLE I 
PRINCIPAL APPLICATION ADVANTAGES 
MAIN MACHINERY ONLY 


| | Re- 
| | serve 
Fuel | Ma-; Re- Power! Port 
Con chin: | fined | Cruis-| Reli- | and | Con- 
sump-| ery | Con- ing |ability) Flex- | sump- 
Type of Ship tion |weight| trol |Radius ibility | tion* 
Barwes ees, cyssitvorstae wate x x x x x x 
Cable Ships......... x x x x x x 
Oargo, Shipsiy.c se. a x x x x x 
Certain Naval Craft. mK Dh x x x x x 
Coastwire Vessels... . mG x x 
Dredge-Self propelled x XK x x x x 
Berry Boatsuc. aoa. ys x x x x 
Fire) Boats? sees. s « x x x x x 
Fishing Boats....... 334 x x 
Lake Boats...~.. 0... x x x x x 
EAROES SNe, veer ete ee x x x 
hight: Ships. 5.2 x x x at, 
IPACKCUS beste esate ts x x x x x x 
River Boats.......%. x x x x x x 
Tow: BOdtssys.goresi4 x x x x x 
Taz’ Boats. = aces = x x x ; x 
‘Yachts. sb ae tee x x x x x 


*Principally stand-by losses. 
7While on duty. 


In order to give a fair idea of the machinery pertain- 
ing to the propulsion outfit of typical Diesel-electric 
installations the following brief synopsis is offered. 


YACHTS 


The three-masted schooner yacht Alcyone was origi- 
nally fitted with reciprocating engines, but upon learn- 
ing of Diesel electric drive with its cleanliness, absence 
of boilers and smoke, less vibration and numerous 
other advantages previously described, its owner, 
Henry W. Putnam, decided to change over to electric . 
propulsion, using the same propeller and _ shafting. 
The Alcyone is 182 feet long overall, with a beam of 30 
feet and draft of 16.2 feet, and is registered 420 gross tons. 
The propelling plant consists of two six-cylinder, 225- 
h. p., 250-rev. per min. Winton Diesel engine, each di- 
rect-connected to a Westinghouse 140-kw., 125-volt, 
shunt-wound, d-c. generator and a 15-kw., 125-volt, 
compound-wound exciter, chain-driven, at 900 rev. per 
min. from the generator shaft. 

The propelling motor is of the double armature, 
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shunt-wound, self-ventilated type rated 350 h. p., 250 
volts, 175 rev. per min. and is located well aft. 

The control is arranged for the Ward Leonard sys- 
tem which provides all desirable features of flexibility, 
simplicity and ease of operation. Thirty economical 
speeds ahead or astern are afforded by the reversing 
rheostat located on the engine room switchboard and 
controlled by a handwheel. 

At 8.5 knots the Alcyone has a cruising radius of 
6450 miles on one engine and at her rated speed of 10.5 
knots she has a cruising radius of 3915 miles on two 
engines. 

The sea trials of this yacht more than met expecta- 
tions and showed considerable reserve power for emer- 
gency. During maneuvering she could be stopped from 
full speed ahead in less than twice her length. 

Several other yachts, some of which have control 
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Fic. .5—Controt Dracram For aA 2000-8. H. P. DIESEL- 
Exectric DRivE 

APPARATUS KEY 
A—Generator cut-out switches with electric lock 
B—Motor cut-out switches 
C—Generator aux. bus switches 
D—Generator Field Discharge switches 
E—Motor field Discharge switches 
F—Engine-failure-trip field circuit breaker 
G—V oltage interlock relay for locking-out main circuit breaker 
H—Contactor type circuit breaker 
J—F¥ield discharge switch for reversing field rheostat 
K—Reversing field rheostat 
L—Overload Inverse time limit relay 
M—Switch for Making O. L. relay inoperative 
N—Main switches for the auxiliary Generators 
O—Oltl. circuit breakers : 
P—Transfer switch for Excitation and control circuits 
S V and S A—Single reading voltmeters and ammeters 
D Vand D A—Double reading voltmeters and ammeters 
W #H.—Watthour meter 
R—Magneto-voltmeter shaft revolution indicator 


from the pilot house, have been equipped with electric 
drive as will be noted from the tabulation of installa- 
tions. The popularity of this system of propulsion is 
most certain to grow in the yachting field. 


TuUGS 


The numerous and severe requirements of operation 
and maneuvering of tug boats presents an attractive 
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field for the application of Diesel-electric drive with its 
valuable feature of pilot house control. 

The Pennsylvania Railroad, after careful study of the 
advantages afforded, has installed Diesel-electric 
propelling machinery in one of their many tugs. This 
action, however, was not taken until they had tried 
out Diesel direct drive and found that it did not 
develop the power expected principally due to the 
small diameter propeller and comparatively high- 
speed engine. 

The Float type of tug comprising about 80 per cent 
of all the railroad tugs was chosen for this installation. 
This tug is 105 ft. long with a beam of 24 ft. and a 
draft of 12 ft. 5 in. Observations showed that an 
average of 566 signals were given and answered on this 
class of tug every eight hours. Naturally pilot-house 
control with its safer and speedier operation was 
selected. 

Two Winton, full Diesel, four-cycle engines are each 
direct-connected to a Westinghouse 235-kw., 250-volt, 
260 rev. per min. shunt-wound generator with an 
attached 25 kw. compound-wound exciter. These 
exciters also furnish all other electric power needed 
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Fie. 6—DraGram or CONNECTIONS FoR Alcyone 


on the boat. The propelling motor is of the shunt- 
wound double armature type rated at 575 h.p., 500 
volts, 125 rev. per min. The Ward Leonard system of 
control and series generator operation is provided. 

In addition to the generator voltage-control system, 
the motor is provided with a certain amount of speed 
variation by field control, the purpose of which is to 
enable the motor to operate at a lower speed when 
towing than when running light, without change of 
generator voltage. This feature enables the generators 
to operate at constant voltage when the tug is under 
full headway, and, in turn, enables the engines to 
develop full power when the boat is towing and when it 
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is running hght. This is a primary advantage over 
the Diesel direct system for tug boats and con- 
stitutes a marked handicap over any direct connected 
or geared system and any form of electric drive using 
other than d-c. machines. 

Tests proved the superiority of Diesel electric over 
Diesel direct drive in acceleration, greater speed and 
greater tow line stress at the same power. The 
Diesel direct drive tug with which the electric tug 
was compared required 15 per cent more power on its 
propeller shaft when running free and 26 per cent more 
power when towing than the electric tug. This is 
probably due to the propeller design. Even with 
the 16 per cent loss between the engine and shaft, 
due to the use of generators and motor there is a net 
gain of 18 per cent over the direct drive on the basis 
above mentioned. With Diesel direct drive the stress 
on the tow line was 32 per cent while with electric 
drive it was 41 per cent of the power delivered to the 
screw. The electric tug is lighter than an equivalent 
steam engine driven tug using Scotch boilers by a ratio 
of 165 to 177 tons and requires one man less to operate 
it. The fuel cost for eight hours is $12.96 for electric 
and $23.45 for steam drive. This with the reduced 
personnel and other advantages results in a saving of 


24 per cent in operating expenses over the steam drive.. 


The further advantages of advancing toward a pier 
slowly or quickly with assurance of control, elimination 
of danger of mistakes in receiving orders, smooth 
taking-up on tow line relieving excessive strains, 
full power always available, ability to operate on one 
engine, avoidance of delay caused by condition of fires, 
quality of coal and inefficiency of firemen, appear to 
’ put electric drive far ahead of steam drive for tug 
boats. Also the time to take on coal and water and 
remove ashes for a steam tug requires two hours in 24, 
while the electric tug requires only two hours a week 
for taking on oil; less physical work is required of the 
machinery force and a better grade of men is attracted 
toward it. Navigators are greatly pleased to control 
propellers which, incidentally, require less thinking 
and less work than pulling bell signals. 

The tug and fire boats Van Dyke I, Van Dyke II 
and Van Dyke III, equipped with General Electric 
machinery, are also rendering excellent service and 
exceeding all expectations. 

These tugs are owned by the Atlantic Refining 
Company. They are 97 ft. long with a beam of 
21 ft. and depth of 11 ft. 6 in. 

The propelling machinery of each tug boat consists of 
two three-cylinder, 225-b.h.p., 257-rev.. per min., 
Price Rathbun Airless Injection Diesel engines manu- 
factured by the Ingersoll Rand Company, each direct- 
connected to a d-c. shunt-wound generator, rated at 
155 kw., 125-volts with a 26-kw., 125-volt, compound- 
wound auxiliary generator mounted on the main 
generator shaft extension. 

Each auxiliary generator is capable of supplying 
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the excitation for the main generators and propelling 
motor and power for the electrically driven auxiliaries 
and lights. 

The propelling motor is shunt-wound, rated at 375 
s. h. p. at 250 volts. By adjustment of the motor field 
rheostat this motor will deliver 375 h. p. constantly 
at 240 volts, from 140 rev. per min. down to 107 
rev. per min. with a corresponding increase in torque. 
This means that at reduced speeds the full output of 
one engine can be utilized on the propelling motor 
without exceeding the normal rated current thereby 
increasing the overall efficiency with one engine shut 
down. 

There are two control stands similar in appearance to 
an engine room telegraph, one located on either side 
of the pilot house. The levers are interlocked so that 


-either stand may be used. 


This same system of Ward Leonard pilot house 
control was used in the Chicago fire boats, Joseph 
Medill and Graeme Stewart, placed in service in 1908. 

The Van Dyke tugs are also used as fire and power 
supply boats. 

In going to a fire, both main units may be used for 
propulsion and, after arriving at the fire, one main unit 
is used for maneuvering the ship and the other main 
unit is used for operating the fire pump. 

Terminals have been brought out on either side of the 
engine room so that the tug boats may be used to fur- 
nish power to barges with motor-operated pumps. 

Detail comparative tests have been conducted be- 
tween one of these Diesel-electric tugs and a Diesel 
direct drive tug of similar characteristics. The results 
were very similar to those obtained with the Pennsyl- 
vania Diesel-electric tug previously described and show 
that Diesel-electric drive is superior in every way as 
compared to the Diesel direct drive for tow boat work, 
whether it be running light, towing, accelerating a tow 
or maneuvering. A more detailed report of these tests 
will probably appear in the press at a later date. 


FERRY BOATS 

A particularly good application for Diesel-electric 
drive is found in the ordinary ferry boat. The ability 
to have complete control of the propelling motors from 
either pilot house is a highly desirable feature for a boat 
operating in a crowded harbor and docking so frequently. 

The Golden Gate and Golden West ferries are typical 
of ferry installations to date. The electric propulsion 
machinery in each of these boats consist of two Pacific © 
Diesel Engine Companies’ engines driving General 
Electric shunt wound generators rated 360 kw., 250 
volts, 225 rev. per min., each with a direct-connected, 
compound-wound 35-kw., 115-volt exciter. These 
exciters also supply all auxiliary power required for the 
boat. 

For supplying power when the main engines are shut 
down a 25-kw., 125-volt, 950-rev. per min., Diesel engine- 
driven auxiliary generator is installed. The two pro- 
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pelling motors are rated at 750 h. p., 500 volts, 145/180 
rev. per min. The higher speed is used on the stern 
driving motor. The lower speed is used on the forward 
motor and is just sufficient to relieve any dragging load 
caused by its connected propeller. The generators are 
connected in series and the motors in parallel. One 
generator will drive the after motor at 125.reyv. per min. 


7—GENERATORS AND Direct CoNNECTED EXCITERS ON 
Frerry-Boat Golden Gate 


_ Fre. 


and this connection is used much of the time when the 
higher speed is not required to meet schedule. 

The voltage of the propelling generator is varied to 
obtain the several propeller speeds. Sufficient instru- 


Fic. 8—Eneins Room Conrroniina RuEostat CoNnrroL 


PANEL AND SWITCHBOARD, ON Ferry-Boat Golden Gate 


ments are provided with the control pedestal in each 
pilot house for close observance of the machinery 
operation. 

The control panel in the engine room contains suffi- 
cient interlocked switches for disconnecting the main 
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and field circuits and selecting operating stations; also 
sufficient field rheostats and instruments and the neces- 
sary contactors for controlling the armatures and fields 
in proper sequence. Pilot-house control permits the 
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Fig. 9—Stmpiirizp Wiring Diagram, Frerry-Boat Golden 


Gate 


boat to be steered into the slip instead of being “‘jock- 
eyed” in. ‘These contactors and the generator field 
rheostats are controlled from the pilot house. The 
speed of the forward motor is reduced by short circuit- 
ing a step of resistance in its field circuit, the short 
circuit being removed when the motor becomes the stern 
motor. These ferries are giving splendid service. 


Fre. 


10—Dierset-Eiectric Motor Sxuie Twin Ports, 
Minnesora-ATLantic TRANSIT Co., STARBOARD SIDE OF 
Eneatne Room Looxinc Forward, SHOWING ONE OF THE 
Matin Generators Controt PANEL AND DistRIBUTION BoarpD 


The ferry-boat, Poughkeepsie, is equipped with West- 
inghouse machinery and is also giving good performance. 
Several other Diesel-electric drive ferries are contem- 
plated and in general this type of drive should show 
rapid progress for ferry installations. 


CARGO BOATS 


The application of Diesel-electric drive for the Twin 
Cities and Twin Ports will be of particular interest to 


April 1925 


those interested in inland water ways. They are owned 
by the McDougall Terminal Warehouse Company and 
operate principally on the Great Lakes and New York 
State Barge Canal between Duluth and New York, but 
are also designed for coastwise trade from New York to 
Florida during the winter. 

The propelling machinery of each consists of two 
Lombard Governor Company’s Diesel oil engines, each 
direct-connected to a General Electric 250 kw., 230-volt, 
260-rev. per min. compound-wound, self-excited, open- 
type generator. There is also a 40-kw., 230-volt, 360 
rev. per min. auxiliary generator driven by a Diesel 
- engine of the above manufacture. This generator may 
be operated in parallel with the 250-kw. generators for 
supplying power to the propelling motors and ships’ 
auxiliaries and lighting when under way, but is normally 
used for supplying ships’ power when the boat is at rest 
and the other sets are not running. 

Thetwo propelling motors per ship are each rated at 250 
h. p., 230 volts, 180 rev. per min. and are of the 
separately ventilated shunt wound type. 


Fia. Main Crrcvuits, 


11—Simeuiriep Wirinae . Diacram, 
Twin Cities and Twin Ports 


The propulsion generators run at constant speed and | 


voltage and the motors are started by the resistance 
method. Both the generators and motors are run in 
para lel for normal operation but the motors connected 
in series across 230 volts give a speed of approximately 
135 rev. per min. on each motor. Sufficient flexibility 
of operation is therefore obtained for a vessel in this 
class of service. The propellers may be controlled 
from a deck type controller located aft and another 
located forward. The master controller is located in 
the pilot house. 

The main control equipment is designed to control 
the operation of the three Diesel engine driven genera- 
tors and the two propulsion motors under both normal 
and emergency conditions. It consists of an engine 
room control panel, a motor room panel, two motor 
control groups, two motor starting resistors, and the 
pilot house and deck controllers previously mentioned. 
Sufficient instruments, switches, field rheostats, starting 
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and reversing contactors, protective devices, etc., for 
the complete control of all apparatus and the isolation 
of units are included. 

It will be noted that the control for these boats is 
unlike that of most Diesel-electric ships, as the Ward 
Leonard system of generator voltage control is not 
employed. This simply goes to show the wide range 
of control of electrical machinery and the need of study 
for each particular installation. The Mariner and 
Fordonian have the same type of control as these two 
ships. 


Fie. 12—Tue Aui-ELectric Hyprauntic Typr, SEA-GoING 


Hopper DrepGe A.. acKenzie 


‘DREDGES 
The ability of using the generators interchangeably 
for propulsion and dredging make Diesel-electric drive 
economically applicable for dredge propulsion. 
U. S. Engineer Corps Hopper Dredges. The four 
U. S. Engineer Corps’ hopper dredges, the first of 
which completed was the A. MacKenzie, are each 268 ft. 


long with a beam of 46 ft. and depth of 22 ft. They 
each have a capacity of 1250 cu. yd. 
Fic. 13—Pitot Hovuszt Conrron SraTion, SwA-GoING 


Hopper DRrEDGES 


The machinery installation in these dredges is 
particularly interesting and includes the largest Diesel 
electric plant ever installed in a ship. Each vessel is 
fitted with three main six-cylinder, four-cycle, air- 
injection, cross-head-piston, 1000-b. h. p., McIntosh & 
Seymore Diesel engines, each direct-connected to a 
Westinghouse 700- kw., 500-volt, 150-rev. per min., 
d-c. generator. Any two of the main generators supply 
power to the two 800-h. p., 480-volt, 110-rev. per min., 
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double-armature propelling motors, which are also cap- 
able of developing full power at 90 rev. per min. for 
dredging speed. The third main generator supplies 
power to an 800-h. p., 480-volt, 135/160-rev. per min. 
single-armature motor driving the dredging pump. 


Disc. Res. 


Aheostat 
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generators. A 25-kw., 250-volt, gasoline engine driven 
set is also installed on the upper deck. ‘Two balancer 
sets each consisting of two 5.5-kw., 115-volt generators 
are installed for lights and 115-volt motors. 

A very interesting feature in this installation is the 
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Fic. 14—Scuematic Controt DIAGRAM 


The generators and motors are totally enclosed and 
have forced ventilation. 

In addition to the main power plant there are two 
Diesel engine-driven generating sets each consisting of a 
225-h. p. four-cylinder, four-cycle, trunk-piston, air- 
injection type engine direct-connected to a 150-kw., 
250-volt, 275-rev. per min. generator. These sets 
are used for excitation and auxiliaries on the vessel. 


Fig. 15—S. O. Co. or New Jersny, Tanker J. H. Senior 


There is also a motor generator set consisting of a 
150-kw., 250-volt, generator driven by a 225-h. p., 480- 
volt, 1200-rev. per min. motor supplied from the main 
generator which supplies the dredge pump motor. 
This set is used for supplying the 150-h. p. jet-pump 
motor and other ship auxiliaries when desired, although 
normally they are supplied from the auxiliary 150-kw. 
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control of the propelling and dredging machinery 
Hight combinations of connections are arranged in the 
hand-operated control switch group forming part of the 
main switchboard in the after engine room. Adequate 


Fig. 16—Main Proretiine Motor, J. H. Senior 


switches, instruments, ete., are also provided on this 
switchboard for the complete control of the engine 
room machinery. Interlocks are provided to prevent 
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improper operation and the opening of main circuits pilot house for observing the behavior of the electric 
until load is removed. propelling machinery. 
After the set-up connections are made complete Overload relays and magnetic line contactors pro- 


Fie. 19—Martn Controu Room, U.S. S West Virginia 


Fic. 17—Pitot-Hovusr Conrrot Station, J. H. Senior 


control of the starting, stopping, reversing and speed vide protection against extreme overloads and short- 
variation of the propelling motors is carried out by circuits. 


controlling the excitation of the generators supplying The dredge pump motor is started by rheostatic 
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Fig. 18—Wirine Diacram, J. H. Senior 


them, both generators and motors being separately means using a drum-type master controller and a 
excited. - - contactor panel. 

The Ward Leonard system of generator voltage No steam is used on the vessel for any purpose as all 
control is provided both from the pilot house and the equipment is electrically operated. 
engine room. Sufficient instruments are located in the It is believed by the Engineers Corps that these 
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electrically operated dredges will be considerabyl more 
economical than the steam operated ones. 

Dredge for City of Portland. The new 30-in. Diesel 
electric dredge for the City of Portland, Ore., will be 
one of the largest and.most powerful suction dredges 
ever constructed. There will be four main Diesel 
engines, two of 900 h. p. each and two of 800h. p each. 
The 900-h. p. engines will be direct-connected to 
Westinghouse 610-kw., 500-volt, d-c. generators, 
while the 800-h. p. engines will be direct-connected 
to 540-kw., 500-volt, d-c. generators giving a total 
plant capacity of 2300 kw. The main pump will be 
operated by a 2700-h.p., 500-volt, direct-current 
motor capable of operating over a speed range from 
250 to 360 rev. per min. The use of a d-c. motor 
with its simplicity and high efficiency was decided 
upon after careful comparison with an a-c. system. 

An interesting feature in this installation will he the 
use of Ward Leonard system of control for the 250- 
h. p. cutter motor and the 75-h.p. swinging winch 
motor. Power for these drives will be furnished by a 
five unit motor generator set operated from the main 
500-volt generator bus. Two of the five units will be 
250-h. p. motors for driving the set and to furnish a 
neutral point for a 500/250-volt, three-wire system, 
the armatures of these two motors being wound for 
250 volts and connected in series across the 500-volt 
bus. The remaining three units of this set will be a 
200-kw. cutter generator, a 60-kw. swing generator and 
a 60-kw. auxiliary generator. There will be also 
a motor-operated hoist for the dredge ladder forward 
and another located near the stern for hoisting the 
spuds and for miscellaneous duty. 

All control equipment on the dredge will be of the 
remote control type and complete manipulation of it 
will be possible from the pilot house. 


STERN-WHEEL TOWBOAT 


The success of the Diesel-electric stern wheel tow- 
boat J. B. Battle provides valuable information to 
operators of river boatsin thiscountry as to the economy 
and benefits to be derived by the use of this system for 
vessels of similar size and also for those of larger 
dimensions and powers. 

This complete steel vessel was designed for the U. 8. 
War Department in the office of the Chief of Engineers 
at Washington, D.C. She is 119 ft. 4 in. long with a 
beam of 23 ft. and depth of 5 ft. and draft loaded of 
3 ft. 6 in. The machinery consists of two 150-h. p. 
four-cycle Winton engines each direct-connected to a 
Westinghouse 90-kw., 125-volt, 450-rev. per min., 
d-c., main generator and a 10-kw., 125-volt exciter. 
The propelling motor is rated 200 h.p., 240 volts, 
600 rev. per min., and is flexibly coupled through a 
Fawcus 23 to 1 ratio double reduction gear to the lay 
shaft extending through both sides of the deck house. 
The two cranks on this shaft are connected by parallel 
rods to similar cranks on the paddle-wheel shaft thus 
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transmitting power to the stern-wheel which is 15 ft. 
in diameter and 15 ft. long and has 13 buckets 30 in. 
deep. ; 

There is also a 714-kw., 125-volt Winton gasoline 
engine driven auxiliary generator for supplying auxili- 
aries and lights when the main sets are not running. 

Complete Ward Leonard system of control of the 
propelling machinery is provided in the wheel house 
and includes adequate instruments for observing 
operating conditions at a glance. The excess power of 
the exciters not required for excitation of the propel- 
ling machinery is used for auxiliaries and lights. 

The trials of this vessel were conducted in December 
1923 and pronounced highly successful and the propel- 
ling machinery performed to the satisfaction of all 
concerned. 

It is believed that the advantage of electric drive for 
this type of boat will induce the building of many more 
in the near future. 


TANKER 


One of the very interesting installations of the 
Diesel electric system of propulsion will be found 
in the Standard Oil Co. of New Jersey tanker 


Fre. 20—DiacramMMatic ARRANGEMENT OF PROPULSION Ma- 
cHINERY, U.S. 8S. California, Maryland anv West Virginia 


J.H. Senior. This vessel is 220 ft. long with a beam of 
38 ft. and draft maximum of 138 ft. Her propelling 
machinery consists of two MelIntosh and Seymour 
350-b. h. p., 275-rev. per min., heavy-duty Diesel 
engines, each, direct-connected to a Westinghouse 
185-kw., 125-volt, d-c. generator and a 35-kw., 125- 
volt exciter. . 

The propelling motor is rated 455 s. h. p., 250 volt, 
100 rev. per min. . ‘ 

The exciters provide, in addition to the excitation 
requirements of the propelling machinery, power for all 
auxiliaries and lighting. When the main units are not 
running in port, a 35-kw., 125-volt: Diesel-engine-driven 
auxiliary generator supplies all the ship’s power. 

A unique feature in this installation is the use of one 
of the main units for supplying current to the three 
35-h. p. cargo oil pump motors as well as other ships 
power thus keeping the size of the auxiliary plant to: 
a minimum. 

The Ward-Leonard system :of control is used and 
two control stations are provided, one in the forward 
end of the engine room and one in the pilot house. 
At each station is provided an ammeter, a voltmeter 
and a propeller speed indicator. 


-_ me ii ie 
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The pilot house station is used almost exclusively 
and the control of the ship directly by the officer on 
watch without recourse to bells or other signals is 
considered by the owners and crew a valuable feature 
incidental to electric drive. 

The main switchboard is located in the after end of 
the engine room and contains necessary air-break 
switches, instruments, rheostats, etc., for the complete 
control of the electrical machinery. Adequate inter- 
locks are provided to prevent wrong operation and the 
switching system is arranged in a very simple manner 
for each manipulation. 


AfterAC Generator 


Field Switch Si BOP ete USN, Operated 
vitiy Booster eal 


ResistanceandReactance Box Power Factor indicator (Mechanically) 


HARVEY AND THAU: ELECTRIC PROPULSION OF SHIPS 


515 


electric drive and its wisdom in sponsoring it has 
been admirably substantiated. 

The complete success of the collier Jupzter completed 
in 1913 was instrumental in causing the Navy to adopt 
electric drive for all capital ships beginning with the 
U. S. S. New Mexico in 1915. This act in itself is 
sufficient testimony of what the builders and users 
of war vessels think of its merits. 

Service operation of several battleships has indis- 
putably. proven the prime requisite of reliability and 
economy of operation. 

Electric drive, compared with other drives, shows 
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The trials of this vessel proved most satisfactory 
and met all expectations. 

The Standard Service equipped with Pacific Diesel 
and General Electric machinery belongs to the Stand- 
ard Oil Co. of California and is very similar to the 
J. H. Senior. This tanker has-been in service for 
some time on the West Coast and has performed in a 
evry satisfactory manner. 

U.S. Navy 


While the U. S. Navy is principally responsible for 
introducing turbine electric drive for ships it is not 
considered advisable to dwell in detail upon this branch 
of the marine field in this paper. 

The U. S. Navy may be considered the pioneer in 


AER Rotation 
Luobing Fur ward 


J.S.S. California, Maryland anp West Virginia 


superior protection from torpedo attack upon the 
machinery by virture of the flexibility of arrangement 
of the electric units and also provides superior ma- 
neuvering qualities. 


Because of the large powers involved turbine electric 
is better suited for propulsion of war vessels than is. 
Diesel electric. The development of larger Diesel 
engines for electric drive, however, may modify this. 
situation in the near future. The present battleships 
are rated about 30,000 s. h. p. and the airplane car- 
riers are rated 180,000 s.h.p. To date, therefore, 
electric-drive installations cover powers from less than 
100 to 180,000 s.h. p. showing the extreme range of 
application. 
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Fie. 22—Scuematic ARRANGEMENT OF PROPULSION CONTROL, 
U.S. S. Tennessee 


Induction motors of various rotor winding combina- 
tions have been used and all have proven satisfactory. 
Pole changing arrangements are provided for reduced 
speed and cruising conditions when using only part of 
the generating plant. This feature affords marked 
superior economy over other types of drive where the 
prime movers must all run at reduced speeds with 
correspondingly less efficient operation. 

With full backing power available the electric drive 
ship possesses a decided advantage over the turbine 
drive ship when maneuvering. The ability to stop 
quickly and the positive control of all propellers are 
important features to a war vessel. 

The control equipment is centralized and located in 
probably the most protected place in the vessel. The 
flexibility of control is such that almost any emergency 
resulting from casualty to any equipment connected 
with the propulsive machinery proper can be quickly 
taken care of by disconnecting the disabled unit from 
the source of power. 

The control room is equipped with all necessary 
instruments, gages, etc., for affording the engineer in 
charge a complete pulse on the operation of the entire 
propulsion machinery. 

The maintenance of electrically propelled battleships 
to date has been very slight. While casualties to the 


Transactions A. I. E. E. 


electrical machinery at sea appear quite remote, 
sufficient spare parts are carried for effecting repairs on 
board ship if circumstances warrant it. 

Electric drive for capital ships is probably here to 


stay and is gaining reputation with every installation. © 


Much credit is due the U. 8. Navy for its advance step 
in the art of electric propulsion. 


CONCLUSION 


While the growth and adoption of electricity as a 
means of propelling ships was very slow for sometime, 
the past six or seven years in particular, have shown 
definite and rapid progress. Electric drive, after fair 
and impartial trial, has been well established and those 
who have been concerned with its development are 
greatly pleased with its growing popularity. 

With the advent of the heavy oil engine the field of 
application of electric drive has been greatly broadened 
and the decided impetus already gained will carry 
this system of propulsion into practically all 
classes of vessels. The success of electric drive to 
date is beyond question and the widespread interest is 
conclusive evidence of its indisputable merits and most 
promising future. 

The art of electrically propelling ships, while con- 
ceived many years ago, is comparatively new in 
application and it is a source of gratification to the 
pioneers that their early predictions are rapidly being 
fulfilled. After this system has passed through the 
lengthy stage of development common to the other 
types of drives the expectation of the most enthu- 
siastic will undoubtedly be realized. — 


| 


Fig. 23—Matn Controu Room, U.S. S. Colorado 
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TABLE III—VESSELS EQUIPPED WITH DIESEL ELECTRIC PROPULSION MACHINERY 
ee 
Tonnage : Year Generators 
Displace- in KW , Voltage Type Propeller 
Name ment Type Service | No. ea. ea. R.P.M.| Drive |S.H.P.| No. R.P.M. Knots 
1. M. S. Mariner...| 500 Trawler 1920 2 165 125 350 |DE-DC 400 1 70/200 10 
20°, Bay, 2eete. se 313 gr. Sea-going Yacht 1920 1 75 125 425 DE-DC 90 if 360 8-8% 
3. Guinevere...... 574 gr. Sea-going Yacht 1921 74 225 125 225 |DE-DC 550 1 220 11 
47 Alevonos4. cee 453 er. Sea-going Yacht 1922 2 140 125 250 |DE-DC-DA| 350 1 US 10% 
5. .M. S. Fordonian.|4050 Cargo-Gt.-I.akes 1922 2 350 250 200 |DE-DC 850 a 120 814-9 
6. Valero Ele cEee oo Sea-Going Yacht 1922 2 90 125 450 |DE-DC-DA} 215 1 275 _ 
7. Poughkeepsie .. | 400 disp. |Ferry 1922 2 90 250 450 |DE-DC 200 2 600/220 gr. |10 (b) 
8. M.S.Golden Gate | 1005 Ferryboat 1922 2 360 250 225 |DE-DC 750 2 145/180 12m.p.h 
9. M.S. Golden West} 1005 Ferryboat 1923 2 360 250 225 |DE-DC 750 2 145/180 12m.p.h 
10.) Naldnah Lise... — River Yacht 1923 2 25 250 1000 |SE-DC 60 2 600 — 
11. M. S. Standard 1 
Soryiceses «aes © 2725 Tanker 1923 2 245 230 265 |DE-DC 600 1 130 9 
12, M S. Alaska 
Standard........ 2725 Tanker 1923 2 245 230 265 |DE-DC_ 600 1 130 9 
13. M.S. Twin Cities |3000 DWT | Cargo-Canal-Gt. L.| 1923 2 250 230 260 |DE-DC 590 2 180 8-10—m (b) 
14. M.S. Twin Ports.|3000 DWT |Cargo-Canal-Gt.L.| 1923 2 250 230 260 |DE-DC 500 2 180 8-10-m (b) 
15. Cutty Sark ex- 
Ariating sons. a2e 246 er. Sea-going Yacht 1924 2 65 125 600 |DE-DC 150 i 240 _ 
16, J. Be Battile....; 2. 3/-6” draft | Stern Wheel River ; 
Towboat 1923 2 90 125 450 |DE-DC 200 1 600/26 gr. |8-9m.p.h. 
7 ae ERS Semone s:.07 2335 disp. | Tanker 1924 2 185 125 275 |DE-DC 455 1 100 9 
18. A. Mac Kenzie. ..} 2000 DWT |Sea-going Hopper 
Dredge 1924 3 700 500 150 |DE-DC-DA| 1600 2. 90/110 11% 
19. W.L.Marshall...|2000 DWT |Sea-going Hopper 
Dredge 1924 3 700 500 150 |DE-DC-DA}| 1600 2 90 11% 
20. DanC. Kingman.| 2000 DWT |Sea-going Hopper 
Dredge 1924 3 700 500 150 |DE-DC-DA| 1600 2 90 11% 
21. William T. Rosse}ll/2000 DWT |Sea-going Hopper ; 
Dredge 1924 3 700 500 150 |DE-DC-DA| 1600 2 90 11% 
22. P.R.R.Tug No. 16 — Tug 1924 2 235 250 260 |DE-DC-DA| 575 1 125 = 
23. M.S.Van Dyke I.| 138 gr. Tug & Fireboat 1924 2 155 125 257 |DE-DC 370 1 120 10 
24. M.S.Van DykelIlI | 138 er. Tug & Fireboat 1924 2 155 125 257 |DE-DC 370 1 120 10 
25. M. S. Van Dyke 
DOG Re eg ie ake 138 er. Tug & Fireboat 1924 5 155 125 257 |DE-DC 370 1 120 10 
26. M.S. Brilliant...) 863 gr. Tanker 1924 2 155 125 257 |DE-DC 370 a 120 10 
27. M.S. La Playa (c) |3682 gr. Pass-Cargo 1924 4 500 220 250 |DE-DC 2500 Hl 95 12% 
28. M.S. LaMarea (c)}3689 gr. Pass-Cargo 1924 4 500 220 250 |DE-DC 2500 1 95 12% 
29. J. W. Van Dyke > 
ex-Allentown..... 7000 Tanker (a) 3 600 250 225 |DE-DC-DA| 2300 1 100 11% 
30) Kanawha 10554 = Riverboat (a) 1 50 250 600° |DE-DC 60 | Stern| Wheel Reduc- 
tion|Gear 
31. M.S. Hawaiian 
Standard. .......5. — Tanker (a) 2 245 230 225 |DE-DC 600 il 130 9 
32. — Experimental Tow- : 
boat (a) 2 7-% 125 1200 |SE-DC 18 2 |Tunnel-Screw|/Type Re- 
duction Gear 
33. M.S. Lake Weir ./2018 gr. Dredge (a) 2 400 240 200 |DE-DC 1000 2 130 10 m 
34. F.M. Coots, Ex-S. ; 
S.McChestney,Jr.| 700 gr. Ferryboat (a) 2 175 230 257 |DE-DC 360 2 14 8 m. p. h. 


Two War Dept Towhoats are under construction, having one 85-Kw., 240-Volt, 450 rev. per. min. generator, 100-h. p. motor, geared to stern 


paddle wheel, Diesel electric drive. 
(a) Under Construction 


DE 


Diesel-Electric 


Gasoline Electric 
Direct Current 

Double Armature 
Geared to Motor 


(b) Designed speed, miles, per hour. SE 
(c) Propulsion Electric Machinery and Control by the British Thomson- DC 
Houston Company, Ltd., Rugby. England. Equipment for the other DA 
vessels by Westinghouse & General Electric Companies. GR 
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Discussion 


V. Karapetoff: The Diesel engine is essentially a constant- 
speed prime mover, and I should like to ask Mr. Thau about its 
application to the tug service, which, to me, is essentially a 
variable speed application, and also one involving a high slip, 
either in the electrical equipment or between the propeller and 
the churning water. With a d-e. drive, the Diesel engine can 
run at a constant speed, and the d-ce. motor on the shaft ean be 
controlled either by a series resistance or by a resistance in the 
field circuit. But I should like to know how this is done with 
a-c. drive, or is the a-c. drive not suitable for the tug service? 

I wish also to mention a specific engineering problem which 
arises in the turbine-electrie marine drive with either induction 
or synchronous motors. The induction motor has a circle dia- 
gram, but this diagram holds true only at a constant current or 
constant voltage. In marine drive we have neither. If my 
information is correct, generators are usually operated at a 
constant field current, in which case the terminal voltage between 
the motor and the generator varies with the torque on the pro- 
peller shaft. As this torque increases, the generator voltage dies 
down. In computing the performance characteristics of such a 
set, we have a rather difficult engineering problem, because the 
internal reactance in the generator and its armature reaction have 
to be considered, as well as the constants of the motor itself, the 
voltage between the two machines being at the same time a func- 
tion of the load. 

C. H. Giroux: I shall confine my remarks to river boats, as 
I believe that many engineers from this vicinity are interested in 
this subject. 

The authors have omitted reference to one vessel which I 
believe deserves mention, as it is one of the pioneers in its field, 
namely the Chenoka. The Chenoka is a stern-wheel towboat; 
77 ft. long, 10-ft. beam, and having a displacement of 32 long 
tons. 


During 1920, the Cincinnati district of the U. S. Engineer 
Department equipped it with electric propulsion, using a 25-kw., 
gasoline-electrie generating set, a 50-h. p., shunt-wound motor, 
and rheostatie control. For experimental purposes, a producer 
was installed and the engine operated on coal gas for a short time. 
The intermittent service in which the vessel was used, however, 
was not conducive to good results with the producer, and it was 
finally abandoned. Kerosene was used with a fair degree of 
success, but the advantage of lower fuel cost was offset by operat- 
ing difficulties, and the engine is now being run on gasoline only. 

While the equipment on the Chenoka does not conform to 
present marine standards in many respects, it has been in suc- 
cessful operation for a sufficient length of time to prove the reli- 
ability of electric drive for small river boats where the mainte- 
nance is not always the best, and where skilled operators cannot 
be employed for monetary reasons. 

Based on the results obtained on the Chenoka and the Diesel- 
electric towboat, J.B. Battle, the U.S. Engineer Department is 
designing and constructing a number of stern-wheel towboats 
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for use on the Mississippi and Ohio rivers. These boats will have 
improvements incorporated which should cause them to show 
even better results than those now in operation. 

The most important of these improvements is the adoption 
of a propulsion motor, the speed of which may be varied over a 
wide range by field control, keeping the horse-power output 
constant. Ward Leonard control for slow-speed running, 
accelerating and reversing is, of course, retained. The variable- 
speed motor allows full rated output of the prime movers to be 
applied to the wheel at any speed of the towboat from standstill 
to light-running speed. 

This is a decided advantage over any direct drive system 
where the horse power varies with the speed of the paddle wheel. 
From tests on existing towboats it is estimated that the effective- 
ness will be increased as follows: 


Variable- 
Speed, 
Electric Other 
Conditions Drive Systems 
Towing effort at standstill, percent.... 160 100 
Speed towing four barges, per cent..... 110 100 
Speed light without tow, per cent...... 100 100 


The first condition means that the tow can be accelerated 
more quickly and a heavier tow can be maneuvered. 

The second condition shows a substantial saving in time when 
handling heavy tows. 

The third condition shows that there is no sacrifice in running 
light speed for the gain in towing ability. 

As the weight of the tow is often limited by the rapidity of 
the current when going up-stream, the extra towing effort avail- 
able may enable the boat to handle heavier tows and to make 
“double tripping’ unnecessary in the more rapid parts of the 
stream. 

Considerable attention has been given to the control equip- 
ment, with the idea in mind of simplifying the methods of opera- 
tion. The next towboats built for the U. S. Engineer Depart- 
ment will be equipped with automatic control from the pilot- 
house. By means of a single master switch, the boat may be 
maneuvered from full speed ahead to full speed astern without 
the necessity of watching electrical instruments or without danger 
of overloading the prime movers. No adjustment of rheostats in 
the engine room will be required for handling tows of various 
weights, as this is accomplished by the automatic devices. 

An attempt is being made to place the design of river boats 
on a more scientific basis than has been possible heretofore, 
not only by means of complete model tests, but also by securing 
operating data from vessels in service. Electric drive, with its 
attendant possibilities for accurate measurement of power under 
daily service conditions, will do much to aid the investigators in 
this attempt. 


A. A. Coyle: The propulsion of vessels by electric power is 
yet in its infancy, and like most otherinventions, will beimproved 
from time to time as defects in design and mechanism develop. 
This is the history of mechanical devices, and while there may be 
exceptions, we know of none in which the original design has not 
been changed to meet the conditions under whieh they must 
operate. i 


Generally speaking, electric drive for boats has passed the 
experimental stage, the installations made in the past and the 
successful operation of the various craft in which the installations 
were made, demonstrate its practicability and efficiency for boat 
propulsion. 


Boat owners and operators have been slow in adopting new 
or untried methods for the operation of their boats and the princi- 
pal reason for their conservatism will be found in the fact that 
the margin of profit is so slight that experimental work could not 
be undertaken, or even considered. Operating costs have 
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more than doubled, and the receipts or advance in rates have not 
been in the same proportion, resulting in what is termed hand-tc- 
mouth existence. With conditions unfavorable for successful 
operation of their boats, many have disposed of their interests, 
while others have continued the operation of their fleet with the 
hope that means for reducing the operating costs would even- 
tually be provided, The successful operation of boats propelled 
by Diesel-eleetrie power has inspired boat owners to investigate 
the advantages of Diesel-electrie over the steam drive, the 
result of which has convinced many that the Diesel-electric 
power is what is needed if river traffic is to be revived, and the 
operation of river craft made profitable. Diesel-electrie power 
for river boats has the following points in its favor: 


a. Economy in operation (fuel and labor) 

b. Efficiency in maneuvering 

e. Concentration of responsibility in one man 

d. Positive control 

e. Insurance reduction 

f. Cleanliness 

g. Requires less deck space 

h. More deck space available, due to storage of fuel in hold 
i. Equal torque at all speeds 


With the facts above mentioned brought to their attention, and 
the necessity of reducing operating expenses to the minimum to 
realize a reasonable return on their investment, many boat 
owners have decided to install Diesel-electrie power on all boats 
to be constructed by them in future, and in some eases will re- 
move the present steam: installation and install Diesel-electric 
power. This will tend to revive river traffic, and the means by 
which the operatcrs of river boats may recoup themselves for 
some of the losses sustained in the past. 


As is generally known, there are in use three methods for the 
application of electric power to stern-wheel boats, 7. e., 


a. Longitudinal shafts with bevel or worm gears 
b. Chains running over sprocket wheels 
e. Pitmans, similar to those in use for steam drive 


For many reasons, the first and second methods are not satis- 
factory where applied to stern-wheel boats operating on rivers 
where silt and drift are prevalent. The construction, and the 
bracing of the paddle-wheel supporting beams must necessarily 
be light to insure the desired draft of boats for shoal rivers, and 
the wheel being subjected to both vertical and longitudinal 
movement (however slight) tends to throw out of alinement the 
drive shafts and gears, with a corresponding loss of power. 
There is also the danger of drift and broken buckets coming in 
contact with the shafting, which often causes serious damage to 
the parts and quite frequently disables the boat until such time 
as the parts can be unshipped, sent to a machine shop, repaired 
and replaced. As the boat is often some distance from a shop 
in which repairs might be made, it is evident that delay in such 
cases is very serious to the owners. For these reasons it has been 
the aim of designers and owners of stern-wheel boats to eliminate 
all rods, cams and gears from on or near the wheel. It may be 
said by those advocating the chain or gear drive that all parts 
may be housed for protection, but even though this housing may 
protect the parts so easily affected, they cannot prevent the verti- 


cal or longitudinal movement of the wheel, which tends to throw ~ 


the driving mechanism out of alinement. The housing must 
necessarily be made very strong to withstand the usage to which 
they will be subjected, forif thisis damaged it is a serious matter. 

The third method, (pitmans) to transmit the power from the 
motor to the wheel shaft is in our opinion the best yet devised. 
However, the drive as applied, is not entirely satisfactory to 
many boat owners and it is thought that a much better arrange- 
ment can and will be designed, eliminating the objectionable 
features. 


The installation on the U. S. Towboat, J. B. Battle, includes 
a large and very long counter-shaft, extending across and nearly 
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the width of the boat. To this are attached the cranks and a 
large spur gear. This gear is attached to the counter-shaft at 
about the center, thus necessitating three or more bearings, a very 
bad feature when one takes into consideration the light construc- 
tion of the hull to which the counter-shaft bearings are secured, 
because it is then impractical to provide foundations with suffi- 
cient rigidity to iasure proper alinement—an essential feature in 
fuel economy. And while the shaft alinement is not observable, 
it is more or less out of alinement, the amount depending upon 
the rigidity of the hull to which the shaft bearings are attached. 
A single motor is used for the full power required to rotate the 
paddle wheel at the desired velocity, and, as all of the power is 
applied to the large spur gear attached to the counter-shaft, it 
is evident that when one of the pitmans is on center the full power 
of the motor is transmitted to the other pitman which, for steam 
drive, would be designed to transmit only half of the actual 
horse power developed. Under no circumstance could more than 
half the power be applied to either pitman. Therefore, it is 
evident that pitmans, cranks and wrists for the electric drive as 
now applied must be proportionately larger than those in use 
for.steam drive with equal power, to care for the increased thrust. 
This addition for increase in strength and weight of the pitmans, 
eranks and wrists occurs where it is most objectionable, as our 
great problem is to keep the stern of the boat up, in order to 
obtain maneuvering benefits. With the counter-shaft extending 
across the boat, and, necessarily, three to five feet above the deck, 
the space aft of the counter-shaft is not available for other 
purposes. 


We are of the opinion that it is possible to design, and apply 
a more efficient and better general arrangement than is now in 
use, and we are working with that end in view. We believe the 
power required to propel the boat should be in two units, (two 
motors) each acting independently on its own pitman, with a 
suitable control to cut out the current gradually as the pitman 
approaches the center, and again applying the current gradually 
immediately after the pitman passes the center, the application 
of power being similar to that now in use with steam drives. 


There is a difference of opinion among electrical engineers 
regarding the practicability of such an arrangement, some 
contending that motors as now constructed, would not stand up 
under such usage but, as the motor is not stopped, or even per- 
ceptibly slackened, it occurs to us that if motors as now con- 
structed will not meet the requirements, a motor can be built that 
will. 

R. A. Beekman: My comments refer to several points 
in the paper as indicated in the following notations: 

Paragraph beginning “The justification of the turbine electrie 
system, ete.’ Taking transmission efficiency in its broadest 
sense, that is, from the boiler to the propeller, the efficiency of 
the turbine electric system using a-c. machinery is in many cases 
equal to, and in some eases better than, the corresponding trans: 
mission efficiency obtained with geared turbines. Namely— 
the geared-turbine losses including the losses in the gears, revers- 
ing element, cross-over connections, additional bearings, packings 
and lubricating oil required over and above that required by the 
turbine electric system, give a total of from 7 to 10.3 per cent 
of the total shaft horse power. 

In the ease of the turbine electric drive, the total loss including 
losses in the motor, generator, control, and cables, and the power 
required for excitation and for ventilation of the main machinery, 
is approximately 7.6 per cént of the power delivered to the pro- 
peller shaft. Furthermore, where single reduction gears are used, 
the turbine efficiency on the Rankin eyele should be higher in the 
case of the turbine for electric drive than the turbine for geared 
drive, since the former turbine can be run closer to its most 
economical speed. 


Paragraph beginning “‘Turbines with reversing elements, etc.’’ 
The larger diameter necessitates larger radial clearances with 
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reaction-type turbines, but if impulse-type turbines are used, 
radial clearance is not a factor. 

Paragraph beginning ‘‘With turbine electric drive alternating 
current is more satisfactory, ete.’’ Greater emphasis should be 
given to the advantages of d-c. turbine electric drive for the 
smaller ships where turbines are suitable. The important ad- 
vantage is that a constant-speed turbine generator may be used 
which permits taking the auxiliary power either from the main 
generator or from the direct-connected exciter. We also have 
all of the advantages incidental to the flexibility and reliability 
of the Ward Leonard system of control repeatedly referred to 
in this paper. 

Paragraph beginning ‘‘The electrical machinery is practically 
the same as used in land installations,’ ete. There is an increas- 
ing tendency to run the electric auxiliaries from the main pro- 
pulsion generator, in order to get auxiliary power at approxi- 
mately the efficiency of the main unit. 

Paragraph beginning “‘A 75-kw., 115-volt, 900-rev. per min. 
exciter,”’ ete. This exciter also supplies power for miscellaneous 
auxiliaries. 

Paragraph beginning “The Ward Leonard system of voltage 
control is by far the most satisfactory,” ete. The Ward Leonard 
system is not necessarily the most satisfactory system, inasmuch 
as the rheostatic-control system has been used most satisfactorily 
on at least five ships. The rheostatic control was selected after 
careful consideration of the special conditions to be met. Where 
two or more generators are used one generator may be operated 
at constant potential, furnishing power for excitation and the 
auxiliaries as well as for propulsion, and the second generator may 
be operated on the voltage-control basis. This is a combination 


of rheostatie and Ward Leonard control where all maneuvering. 


of the ship between 50 per cent and 100 per cent propeller speed 
is obtained on a Ward Leonard, and henee, highly efficient, basis. 

Paragraph beginning“‘With the series connection of generators,”’ 
ete. The statement regarding Ward Leonard system being less 
expensive may be somewhat misleading, due to the fact that the 
necessary exciters should be considered a part of this system, 
both as regards expense and complication. 

Paragraph beginning ‘‘The control board contains suitable 

switches,” ete. In the early days of Diesel-electrie drive it was 

thought to be desirable to have a time-delay element for limiting 
the speed of operation of the control, but experience has shown 
that this is unnecessary and that we can go from full speed to the 
stop point without hesitation. 

Paragraph beginning “‘With this type of drive provision is 
usually made for both pilot-house and engine-room control,” ete. 
Another advantage of pilot-house control of tug boats comes in 
being able to take slack quickly out of the tow ropes and uni- 
formly accelerate the tow without objectionable strains. 

Paragraph beginning ‘Flexibility and Reliability.”’ The 
number of generators is not limited by either the rheostatie or 
Ward Leonard system of control. 

Paragraph beginning ‘It will be noted that the control for 
these boats,’ ete. The Fordonian has a control which is a com- 
bination of Ward Leonard and rheostatie system, as described 
under Comment No. 6. 

Paragraph beginning “‘The Standard Service equipped with 
Pacific Diesel and General Electric machinery, ete.” 

The Standard Service was put into commission in March, 1923, 
and similar tankers, the Alaska Standard and the Hawaiian 
Standard, were put into commission in December 1923, and 
February 1925, respectively. Thisisa good example of an owner 
haying added Diesel-electrie ships to his fleet after experience 
with the first boat. 

W.E.Thau: Professor Karapetoff struck on two vital points 
in connection with electric drive; one relating to the flexibility of 
direet current for tug boats and the other the unit design of an 
a-e. propulsion system. 

If an attempt is made to use alternating current for tug 
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boats and that class of service, we should have a plant which is 
extremely inflexible in comparison with direct current; and, fur- 
thermore, if we had multiple-unit arrangements of engines, it 
would be necessary to operate a-c. machines in parallel, which is 
questionable, regardless of the arrangement; that is, the idea of 
operating Diesel-driven, a-c. generators parallel on board the ship. 
In addition, we would lose about 80 per cent of the flexibility 
which the d-c. system possesses for tugboat work. 

Furthermore, by using the d-c. system, say with two generators 
and a single- or double-armature motor, we are able to operate 
that tug with one unit in case of failure of one of the engines. 
In ease of failure of a direct-connected engine, the situation is 
helpless. This particular advantage has proved to be of great 
practical value in connection with the P. R. R. Tug No. 16, 
operated by the Pennsylvania Railroad in New York. On one 
occasion they had trouble with an engine and that engine was 
shut down and the tug operated on the remaining engine, without 
those for whom the towing work was done knowing whether one 
or two engines were in operation. 

With the d-e. system, the Ward Leonard system of motor speed 
control is used. This permits the use of simple generator-field 
rheostats for providing a large number of speed values in each 
direction in the most economical manner. The engines run at 
constant speed. The generators are connected in series, thus 
dispensing with the necessity for parallel operation. The elec- 
trical efficiency is maintained near the full-load value throughout 
the entire speed range from 10 per cent to 100 per cent speed. In 
other words, the combined electrical efficiency curve is very flat. 

In the case of alternating current, the speed control would have 
to be obtained by engine control or rheostatie control. The 
former is no improvement over the direct-connected engine and 
the latter is both complicated and wasteful. 

Furthermore, the d-c. system permits full power to be had 
from a fractional number of engines, whereas with a-c. the engine 
speed would have to be reduced to suit the load in the case of 
operation on less than the full number of engines. 

In ease of turbine electric drive, the question of torque couple 
between the motor and generator was brought up. This is 
something that would probably be overlooked by the uninitiated, 
but the fact is that the whole system from turbines to control 
must be designed as a unit and the functions of each part 
correlated. ; 

The pulling out of step of an a-c. drive is not due to the fact 
that the motor breaks its torque couple. The motor is designed 
for about one and three-quarters pull-out torque, and that gives 
it plenty of margin, so long as it is provided with a constant 
The real cause of pull-out between the generator and 
motor is the collapse of the generator voltage due to overload 
which Professor Karapetoff has mentioned. 

Tn all land installations, we have a relatively unlimited supply 
of power and the generators are sufficient in number and in size 
to supply the total demands and take care of peak loads. Such 
machines are usually designed to provide about 5 per cent to 10 
per cent torque margins at the nameplate rating. 


In the ease of ship drive, when the load varies with sea con- 
ditions, maneuvering, and so forth, we must provide an ample 
torque margin in the generator. That is provided by additional 
excitation. If we operate with too great excitation, the efficiency 
of the motor drops considerably. This condition is very 
pointedly shown in certain tests that are made on board battle 
ships, and are known as excitation, or drop-out tests. We start 
with a high generator excitation and gradually decrease it until 
the motor and generator torque couple is broken. The power 
input to the motors at the start of the test is appreciably higher 
than when zero torque margin is approached (approximately 
10 per cent) and, therefore, it is uneconomical to run with too 
much torque margin. That condition has been recognized in the 
Navy, and steps have been taken to operate vessels with an 
economical torque margin. That margin is indicated by an 
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instrument called a stability indicator which shows the torque 
ratio at any instant. 

Mr. Barrister brought out a point in connection with the 
steering gear on board the ship. This is another case where the 
complete facts must be known, and the motor, controller, and 
resistors designed as a unit and not with a motor picked here, a 
controller there and a resistor some other place. As already 
mentioned the various units picked at random have proven a 
failure. It is a definite application problem and where early 
failures have occurred, they can almost invariably be traced to 
the fact that the equipment has been taken out of stock and 
put on board the ship. Those of us who have had experience with 
the sea conditions know that that stock equipment does not 
work. When such eare is necessary in the design of the equip- 
ment, it is no wonder we ask for competent electricians to take 
eare of this electrical equipment. 

Mr. Giroux is in a very good position to discuss the river-boat 
situation, being the electrical engineer for the United States 
Engineering Department at Washington, and having had con- 
siderable to do with practically all of their engineering work in 
that line, which he has so ably described. 

The War Department is investigating and pioneering in that 
field and so soon as they prove to the private owners that the 
electrical is the proper system, we shall see private boats driven 
by the Diesel-electrie system. Of course, the War Department 
is in a better position to make study and investigation of that 
kind because of its organization and funds. We civilians pay 
the taxes and they do the pioneer work in that and other fields. 
The results benefit every citizen in the country. The War 
Department is doing wonderful work along these lines, even 
though most of us are not aware of it. 

Mr. Coyle has enumerated the advantages of electrie drive 
for river boats from a designer’s and builder’s point of view, and 
it will be noted that he has confirmed, to a great degree, the 
claims for this type of drive in the paper. Mr. Coyle has spent 
practically his whole life in this work, and so is in a good position 
to analyze the situation. 

We feel that he is correct in his statement, that gears and chain 
drives are not as applicable to stern-wheel, river-boat propulsion 
as the pitman drive. It represents a very intricate problem 
and one which will require much close study before it comes to a 
high degree of perfection. The fact that the electric motor tends 
to produce constant torque introduces a problem for considera- 
tion in design of pitman. If it were possible to regulate the motor 
performance similar to that of a steam-engine performance, it 
would help things along considerably. There has been devised 
a special form of pitman connection using two pitmans on each 
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side of the wheel, and in each pair the pitmans are placed 180 deg. 
from one another. With that arrangement, having the other side 
at 90 deg., we have a system which will develop a constant turning 
effort on the wheel. That has a further good point, in that the 
wheel bearings do not have to be anchored solid. That elimi- 
nates a lot of trouble that might arise from any other pitman 
design. : 

I should like to make just a few remarks in connection with 
Mr. Beekman’s discussion of the paper. I thought the paper 
recognized the suitability of d-c. equipment with turbine electri¢ 
drive. Westated that the application for that type of equipment 
was confined more to the vessel requiring very restrictive maneu- 
vering. For a vessel, such as a tug or a ferry, operating in un- 
restricted water direct current is better suited than alternating 
current, and while the cost is more, the installation of the direct 
current is justified by its increased flexibility. 


The question of rheostatic control versus Ward Leonard is one 
that ean probably be discussed for a long time. Some of the 
present rheostatic-control vessels are handicapped. In small 
installations there is no quéstion that the rheostatie-control sys- 
tem can be used. I think that was mentioned in the paperand an 
example cited. Those applications that require constant voltage 
can be supplied by exciters of suitable capacity driven from the 
main engines. 


The time-delay device, which was referred to, I believe, i 
absolutely necessary and essential on many classes of ships. So 
far, the application of Diesel-electric drive has been confined to 
slow-speed, coarse-line, low-inertia vessels, but when this type of 
drive is applied to fine-line boats with high powers, requiring 
considerable torque to stop them, some kind of a device will be 
D-c. machinery cannot be 
abused to the same extent as a-c. machinery. Mr. Giroux 
touched on that point in his discussion, and described how the 
U. S. Engineering Department expects to provide for a current- 
regulated device on its tow boats. 

In the ease of direct-connected impulse turbines the large disk 
area resulting from the large-diameter wheels is a factor con- 
tributing to additional losses which are comparable to the radial- 
clearance losses in the reaction turbine. 


Auxiliary power cannot be taken from main units during 
maneuvering if the Ward Leonard system is used. 


In any event, exciters or direct-connected auxiliary generators 
are very desirable for supplying auxiliary load, and they may 
just as well be made large enough to supply excitation for the 
Ward Leonard system. Therefore, they are not an added 
complication. 


Coal-Mine Electrification 


BY W. C. ADAMS: 


Member, A I E E. 


Synopsis.—To purchase or generate power for mine require- 
ments 1s determined on basis of minimum power charge against 
coal production. Alternating-current transmission results in 
better efficiencies and lower costs. The choice of coal hoisting 
systems is based on reliability with cost secondary. Skip hoisting 


for large mines gives lower costs of installation and operation, with 


greater reliability. Man-and-material hoists arrange to take care 
of every possible contingency against shut-down is advisable. Con- 
verting stations is the logical method of supplying direct current 
to underground equipment. 


HE conditions vary so greatly at the different 

mines that it is impossible to thoroughly cover this 

subject by discussions as to the many problems to 
be solved under varying conditions. This paper will 
include a brief discussion of some of the important 
problems of coal-mine electrification with descriptions 
of some concrete installations. 

Power supply to the mine is an important factor and 
must be considered as coming from one of two main 
sources, either generated by a plant at the mine or 
purchased from a public utility company. Each has 
its place and the choice can be made only on the basis 
of cost as it affects the cost of coal production. 

A vital part of a shaft coal mine is the hoisting equip- 
ment and reliability must be of first consideration. The 
economic side is also discussed to show why different 
types of hoists may be installed to meet special con- 
ditions. A general description of the largest coal hoist 
in the world is here given with a discussion of some of 
the problems involved in its design. — 

After the coal is hoisted to the surface it must be 
properly prepared and suitable features of control have 
a vital bearing on the success of the preparation. 

The mining equipment in the underground workings 
must be supplied with power and here, the distribution 
problem is most important, as the life and maintenance 
of all electrically driven equipment and its ability to pro- 
duce maximum results is materially affected by power 
distribution. 


SOURCE OF POWER 


The Public Service Companies have materially 
reduced the cost of power for coal mining operations. 
They have made it possible for the coal operator to 
purchase his power requirements at a much lower cost 
than that at which he could produce it with the make- 
shift uneconomical plants which used to be a feature of 
every mining operation. In doing this they have set up 
a bogey unit power cost for each mine. A generating 
plant owned and operated by the mining company is not 
warranted unless it can produce the power requirements 
at a cost at least equal to that of purchased power, 
which cost must include a reasonable return on the 
additional capital invested. 


1. Allen & Garcia Co., Chicago. 
Presented at the Spring Convention of the A. I. E.E., to be 
held at St. Louis, Mo., April 13-17, 1926. 


The Public Service Company has the advantage of a 
large output and a relatively high load factor which, 
for a mining operation, is usually about 14 per cent and 
rarely exceeds 20 per cent. Both the quantity of out- 
put and load factor might be increased if it were pos- 
sible to serve some outside off-peak load; but this is 
rarely the case. 

Where two or more operations can be served from 
one plant, the load factor will be improved, reducing 
the unit investment cost per ton output and cost per 
unit of power generated. In making a comparison of 
the cost of power generated and power purchased, the 
advantage of grouping is often over estimated unless a 
like grouping with a single metering point is considered 
for purchased power. 

As an illustration, a mining company operating 
seven properties with purchased power metered for 
individual mines made the necessary investment for 
distributing lines from a single metering point. With 
this system the power bill was reduced 19 per cent, 
which represented over 20 per cent net annual return 
on the investment. 

A Public Service Company can locate its plant at 
some advantageous point largely determined by the 
water supply. At amine site the quality and quantity 
of water available for boiler and condenser uses is often 
inadequate. This factor must be carefully considered 
before it can be determined that a generating plant for 
mine requirements is even feasible, for the expense and 
losses due to a shortage of water supply during one pro- 
longed dry period may offset the accumulated advan- 
tages of a mine plant over a period of many years. 

As against these advantages, the Public Service 
Companies must pay freight on their coal, and usually, 
because of these freight charges, must buy high grade 
fuel, and then make a profit over their costs. 

The individual operator can burn coal which he 
cannot sell or a grade which has relatively low market 
value or is hard to move. In the preparation of coal at 
almost every mine, impurities containing a certain 
amount of burnable material, are picked out, which if 
properly crushed and mixed with the low-grade sizes 
made in coal preparation, should give a fuel con- 
taining from 30 to 35 per cent ash. 

Every coal-mining generating plant should be equipped 
to burn this product, thereby reducing materially the 
largest item of cost in power production by a Public 
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Service Company. The plant must also be properly 
engineered, designed and equipped for the usual 
economies found in good Central Station practise, mak- 
ing allowances only for the difference in sizes of 
equipment. 

Reliability of the power source is essential and.a 
Public Utility System, with its vast net work of trans- 
mission lines, is often at a disadvantage as compared 
with a plant located at the mine site. A Public Service 
Company which cannot show a good record for conti- 
nuity of service or that reasonably continuous service 
can be supplied, should not he considered a possible 
source of power for a coal operation where a power 
plant at the mine site is practical. 

“The coal mine operator in installing a power plant 
for generation of his power requirements is entering a 
field for which he is not organized” is an argument very 
frequently used for the purchase of power. This, 
however, is not an argument that carries little weight 
for coal operators can and are now producing their 
own power requirements at a profit. 

This is demonstrated by an existing installation 
where a power plant was put in for a shaft operation 
having a daily potential capacity of 7000 tons. This 
plant is designed to secure maximum economies con- 
sistent with capital investment, and is burning the 
crushed mine pickings, mixed with the lowest grade 
slack produced. 5 

The estimate on which the decision to install a plant 
at the mine site was based, showed that the saving of 
power generating cost as against purchased power cost, 
would pay 11 2/10 per cent interest on an investment 
of $460,000. 

This estimate of comparative power cost included for 
the generated power all items of labor, supplies, main- 
tenance, fuel, water, amortization, obsolesence, and 
overhead items, excepting interest on capital invest- 
ment. For purchased power, similar items were added 
to the power bill, and the cost of operating, maintain- 
ing, ete., a steam plant necessary for furnishing the 
steam required for heating, wash house purposes, air 
humidification and standby equipment was also 
included. 

Based upon operation to date, it is safe to say that the 
saving estimated will be exceeded. This, together with 
the fact that the Public Service Company had not been 
especially reliable, has made the generating station at 
the mine a profitable investment. 

Like estimates for a somewhat similar operation 
in a field where lower power rates were in force failed to 
show that any saving could be made by the installa- 
tion of a generating plant at the mine. The failure to 
show any saving is partly explained by the fact that the 
capital investment was excessive due to the natural 
conditions affecting power plant construction. 

An investigation of cost of generating power versus 
purchased power for a large operating company where 
two mines could be served from one plant, determined 
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that by an additional expenditure of $760,000, power 
could be produced at a cost which would earn 724 per 
cent on the investment in comparison with purchased 
power costs. 

This plant would require some special provision for 
insuring water supply and this fact, considered with the 
earnings on the investment, resulted in a decision in 
favor of purchased power. 

Opinions as to the proper returns that such an invest- 
ment should show varies and is somewhat dependent 
upon the availability of capital from acompany’sreserves 
or theborrowing capacity. Itmustalso be based upon the 
probable returns that could be secured by an investment 
by the company in other channels; another coal opera- 
tion for instance. It should not be less than 10 per cent 
and might, in many cases reasonably be set as high as 
15 per cent. 

Thelast mentioned company is now purchasing power 
for the complete operation of one plant and partial 
operation of the second. The power is metered at one 
point and parallel transmission lines are to be provided 
from this point to the Power Company’s system and to 
the second mine as an insurance against possible line 
trouble. 

The service is taken from the Power Company’s 
system at a point that is provided with transmission 
from one station over three routes, from a second sta- 
tion over one route and from a third station over one 
route, to make possibility of power failure remote. It 
is, however, not often possible to make such an ideal 
connection for’ power service, but wherever feasible, 
loop transmission should be provided with proper 
switching equipment placed at the mine site to take 
advantage of the same. ; 

The practise of purchasing power for part of a mine’s 
power requirements and maintaining a steam plant for 
the hoist is quite common although is a very expensive 
practise. This condition is usually the result of an at- 
tempt to minimize capital investment, either for supply- 
ing additional power requirements or the rehabilitation 
of the existing plant. The savings to be secured by 
using purchased power throughout are considerable 
and often obtainable by a relatively small additional 
investment. 

POWER CHARACTERISTICS 

Progressive mining operations are now being equipped 
with every mechanical mining device which will meet 
the requirements of the existing condition and reduce 
the cost of coal production. Motor-driven cutting 
machines, loading machines, loading conveyers and 
loading scrapers can be equipped with either d-c. or a-c. 
motors. However, locomotives have proved satis- 
factory only with d-c. motor equipment. 

All this equipment operates at the mining faces, and 
it is necessary to provide transmission facilities for 
power to the extreme points of the area to be developed 
by a given operation. 

A d-c. transmission system for small mines, having a 
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small assigned acreage, may be designed for efficiency 
and installed with reasonable expenditure. However, 
the cost for such a system for the larger mines with 
large assigned coal acres becomes prohibitive, both be- 
cause of initial investment and subsequent operation. 

The economical installation for such an operation 
employs alternating current for transmission with 
converting substations at load centers for the under- 
ground a-c. equipment and transformer substations for 
a-c. equipment. 

A capital fund when a large operation is opened, set 
aside at four per cent interest to cover the cost and 
maintenance of such a system throughout the life of the 
property would be from 25 to 40 per cent of the sum 
required for a complete d-c. system, and the average 
efficiency of transmission would be at least 15 per cent 
lower with the direct current. It is impractical to 
consider a d-c. transmission system on the same basis 
of efficiency as an a-c. system ‘with converting sub- 
station, as the returns from such an increased efficiency 
would not be adequate for the additional investment 
required. 

An investigation for a large operation with an exist- 
ing d-c. transmission system determined that to bring 
the transmission up to reasonable efficiency, additional 
copper at an estmated cost of $87,000 would be re- 
quired. There would also be a yearly expense of 
approximately $300,000 additional for the life of the 
operation for reinforcement of copper. The initial 
expenditure for installation of motor-generator sets 
and substation was estimated at approximately 
$100,000 with an additional cost of $45,000 for changes 
of lines, bore holes, substations to keep the latter 
‘reasonably near load centers throughout the life of the 
operation. Therefore installation of motor generator 
sets showed a saving of $242,000 in capital investment 
through the life of the mine. The use of the motor- 
generator sets near the load centers made it also pos- 
sible to maintain an average of 16 per cent better 
efficiency. ; 

The advantages derived from a-c. transmission will 
outweigh any advantages that might be secured by 
d-c. motor drive for the tipple units, mine fan or shop 
equipment. 

Therefore, the source, whether from a public utility 
company or a plant at the mine, should provide a-c. 
power. 

CoAL HOISTING 

In planning a mine, and especially a mine of large 
capacity, the effect of loads and rope on the size, power 
costs, and initial investment for the equipment should 
be considered. The rope speeds that can be obtained 
in hoisting are limited; hence the maximum capacity 
of a mine is set by the load carried per trip. Where 
large capacities are set for mines on a basis of cage 
hoisting, it is always possible to reduce the hoist initial 
cost and the hoist operating cost by using skips whereby 
two or more cars of coal can be hoisted at one trip. 
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Table No. I and Fig. 1 will give a comparison between 
the hoisting equipment, the power consumption and the 
initial cost for two assumed installations, all designed 
for the same capacity. The first is a self-dumping 
cage installation and the second an installation using 
overturning skips. 

Comparisons are made on the basis of a 400-ft. shaft 
and a hoisting capacity of 800 tons per hour. This, 
of course, is somewhat high for cage hoisting, although 
it is still within the limits of actual practise. If the 
comparison had been made on the basis of 1000 tons per 
hour, or for a deeper shaft, the skip installation would 
show only a moderate increase of power consumption 
while the cage installation would increase in such a 
rapid ratio as to soon exceed the practicable limits of 
construction and operation. 

Obviously comparisons throughout could not be 
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made for two existing mines of these types, as it would 
be impossible to obtain an exact paralled. The figures 
used, however, are based on actual results and are 
worked out upon the same basis, so as give a true 
comparison between the different systems and for con- 
ditions assumed. 

Comparisons are made on the basis of an equalized 
hoisting system which will limit the peak from the 
power source to approximately the average. On some 
power systems the peaks as imposed by the hoist motor 
used in connection with the skip hoist would be per- 
mitted and an induction motor type hoist could be 
used with a material reduction in first cost. (See 
Fig. 1.) 

It. will be noted that the peak of the cage-hoisting 
cycle is about 3100 h. p. while the skip-hoisting cycle is 
about 1300 h. p.. The skip installation shows a power 
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economy of nearly 25 per cent as compared with the 
cage type. There is also a very great difference in cost 
between the hoisting equipments for cage and skip, 
this being approximately $37,000 in the examples cited. 

Where steam hoists are used, there is not so great a 
difference in favor of the skip since the size of the hoist- 
ing engine is determined by the total load rather than 
acceleration peaks. However, the steam consumption 
will be reduced approximately as for the examples 
shown for electric hoists. 

The consideration of steam hoisting is necessary 
only in case power is generated at the mine. For the 
Donk Brothers Coal & Coke Company’s Mine No. 4, 
where there was a decision to generate rather than 


TABLE NO. 1 


Self-Dumping Cage Overturning Skip 
Dopth of Shafts. 22% . seu 400 ft. 400 ft. 
Pit 24 ft. 
Tipple 60 ft. Tipple 46 ft. 
Total THOIsteen 63 cc.teegseer « Dumping 6 ft. =466 ft.|; Dumping 19 ft = 489 ft. 
@apacity ee eee. 800 tons per hr. 800 tons per hr. 
( Loading or 
CAamINge ieee ie 4 sec. 8 sec. 
Hoisting 4 Accelerating... . 6 sec. 8 sec. 
Cycle Rinning soi) 2 4 sec. 15 sec. 
Retarding...... 4 sec. ‘5 Sec. 
18 sec. 36 sec. 
Weight of cage or skip..... 14,000 lb. 13,000 Ib. 
Care k mie aes otss A OOG TD Si ec Rae cee tse 
Goal. olen eee 8,000 lb. 16,000 lb. 
26,000 lb. 29,000 Ib. 
Size of hoisting rope,...... 1% in. 15/3 in. 
Hoist during dump,. 6 ft. O in. 13 ft. O in. 
Net wt. available for ctw t. 12,000 Ib. 8,400 Ib. 


2,000 ft. per min. 
3,610 ft. per min. 


1,050 ft. per min. 
1,480 ft. per min. ° 


Average rope speed,....... 
Max. rope speed,........:. 
Size of cytindro-conical 


CORE Les Weeen 5 fe ire eRe ee 7 ft. to 11 ft. diam. 8 ft. to 11 ft. diam. 
Direct connected Geared 
Size of d-c. hoist motor \ a 2,000 h. p. 850 h. p. 
SQe3 ss 8 pect J 
Size of-d-c. generator on 
DWeneriset, cece toe 1,400 kw. 600 kw. 
Size of a-c. motor on same, . 800 h. p. 600 h. p. 
A-c. input per hour,....... 656 kw-hr. 525 kw-hr. 
A-c. input per ton of coal... 0.82 kw-hr. 0.650 kw-hr. 


Hoist-overall efficiency 
based on 466 ft. hoist. ... 

Approx. cost f. o. b. factory 
1920 basis) drum,....... 

Electrical Equipment,..... 


43 .0 per cent 53.8 per cent 


$30,000 .00 
48,000.00 


$ 25,000.00 
90,000 .00 


$115,000.00 $7 8.000 .00 


purchase power on the basis of savings that might be 
affected, the relative economies of a steam-hoisting 
engine and an electric hoist were carefully considered 
from every possible angle. 

The coal is hoisted in skips and the data upon which 
the hoisting equipment was based are: 


Total distance of hoist: ....... 0... 304 ft. 
Maximum weight of coal per trip... 18,000 lb. 
Average weight of coal per trip..... 12,000 lb. 
Weight of skip and yoke........... 11,800 lb. 
Rést period) cor ar ete eek, a 9 sec. 
Total cycle. . 24 sec. 


An electric hoist for this : service must necessarily be 
of the equalized type, as the generating equipment 
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installed for economical plant operation would not 
meet the peak demands of an induction-motor hoist 
superimposed upon the peaks of the mining load. 

To secure comparable economy in plant operation 
when hoisting with steam equipment, the exhaust from 
the hoisting engines must be utilized. This requires the 
installation of a mixed pressure turbine with a regenera- 
tor to store and regulate the flow to the turbine of low 
pressure steam in accordance with the demand. 

The electric-hoisting system would permit of greater 
flexibility of plant operation and give greater insurance 
against shut-down. The economy of the whole opera- 
tion with steam hoisting depends upon utilizing the 
hoist exhaust steam for power generation. A failure in 
the mixed pressure turbine would necessitate wasting 
this steam and, for lack of sufficient boiler power a prob- 
able curtailment of production. Such an emergency 
might be cared for by the installation of a spare mixed 
pressure turbine, but this expenditure is hardly war- 
ranted. With the electric hoist all of the turbines 
would be of like type, and spare capacity could be 
provided for hoisting and mine load by one unit. | 

Comparative estimates of cost and economies of the 
two systems determined that the electric hoisting sys- 
tem would require an additional investment of $42,500 
for hoisting. equipment, buildings, installation, ete. 
The savings that could be effected by the electric hoist, 
including operation, supplies, maintenance, amortiza- 
tion, etc., for the two systems, equaled a 5.3 per cent 
return on the additional investment. 

‘On this basis the steam hoisting system was installed 
with equipment as follows: 

1 Pair 24 in. by 42 in. first motion hoisting engines. 

1 937-kv-a. mixed pressure turbo-generator with the 
prime mover designed to carry 937 kw. with all low 
pressure steam at 0-lb. gage. 

29 ft. dia. by 25 ft. long Rateau regenerators. 

14,000-sq. ft. surface condenser. 

The hoist equipment employs a double-rope system 
which so far as is known, is new in operation of this 
kind. A one-inch. hoisting rope is used, both ends of 
which are fastened to the drum and coiled on in parallel 
grooves. The tension is equalized by a sheave on the 
skip-yoke. 

This system permits of the use of a smaller diameter 
drum at a higher speed and makes it possible to use a 
first motion steamhoist. Itwillalsobeanadvantage for 
installations of electric hoists when the singleroperequires 
very low-speed motors or an excessive gear reduction. 

When power is purchased, the coal hoisting equip- 
ment should be electric, except possibly in the case of 
changing over an existing mine with but a short life. 
The practise of purchasing power for the mining load 
and maintaining a steam plant and engines for hoisting, 
costs the operator from two to six cents per ton. Com- 
pleting the electrification of such a plant has shown as 
high as 22 per cent return on the additional investment 
required for the installation of an electric hoist. 
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The system of electric hoisting applicable to any in- 
stallation can be determined only by an analysis of the 
requirements to determine comparative efficiencies, 
operating characteristics, costs, etc., of the several 
types. The power source, limitations of peaks and 
peak penalties imposed by the power company serving 
the installation also have an important bearing on the 
proper equipment to be used to secure the desired mine 
output. 

In designing the hoisting equipment for the Chicago, 
Wilmington & Franklin Coal Company, Orient No. 2 
Mine, only the Ilgner-Ward Leonard system was con- 
sidered. The hoist has a potential capacity of 14,400 
tons in eight hours, with an expected average of 11,500 
tons, making the operation the largest shaft coal mine 
in the world. 

The coal is hoisted in skips and the data on which the 
hoist was based are: 

Total distance of hoisty: 607 ft. 
Maximum weight of coal per trip. . .26,000 lb. 
Average weight of coal per trip... . .22,000 lb. 
Weight of skip and yoke.......... 15,100 lb. 
RES PDCMIOd far nes cr eee eek 9 sec. 
Total cycler, ie) 26 sec. 

To fulfill the cycle, a maximum rope speed of approxi- 
mately 4000 ft. per min. with a rope tension of 67,000 
lb. for about 40 per cent of the travel, is required. 
This duty necessitates a carefully made rope provision 
for the fatiguing action which would result from the 
high-operating speed with the pronounced vibration 
that would be set up. A factor of safety of 8.1 based 
on the dead load is used. This factor of safety is pro- 

vided by a two-in. diameter rope of the modified Seale 
construction using special strength plow steel wires. 

The drum is of the cylindro-conical design having a 
minimum diameter of 10 ft., a maximum diameter of 17 
ft. with a pitch of the grooves on the slope of 12in. To 
take care of the side wear of the grooves which is great- 
est on the small cylindrical portion, the groove pitch for 
this section is increased to 214 in. as compared with 214 
in. on the large cylindrical portion. In designing the 
drum, careful consideration was given to the proper 
proportioning of the metal in the various sections and 
the ribbing to give strength and long life. Truss rods 
are provided which bring all parts of the drum shell in 
compression, thus giving the greatest possible strength 
to withstand the severe service expected. 

The motor equipment consists of two 2000-h. p., d-c. 
force-ventilated motors, direct-coupled to the drum 
shaft one on each side of the drum,—two motors in- 
stead of one in order to reduce the armature inertia 
and permit the use of commercial units. 

The forced ventilation made it possible to reduce the 
motor capacity required by approximately 20 per cent, 
thereby reducing the armature inertia, as well as the 
cost of installation. Fan capacity for 35,000 cu. ft. of 
air per minute is provided, together with necessary air 
washing equipment. The use of the forced ventilated 
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equipment made a net capitalized saving of approxi- 
mately six per cent. 

The motor generator-set converting the power to 
direct-current for the hoist as received consist of two 
1650-kw., 500-volt generators at 575 rev. per min., 
driven by a 2200-h. p. wound-rotor type induction 
motor. A 90,000-lb. flywheel 12 ft. diameter provides 
the necessary energy for equalization of hoist peaks and 
a 50-kw. exciter furnished excitations for the generating 
and hoist motors. All units are mounted on a single 
built-up bed frame forming a four-unit, six-bearing motor 
generator set with flywheel. 

The units are connected in the order, generator No. 
1 to motor No. 1 to generator No. 2 to motor No. 2, 
thereby limiting the potential on any part of the equip- 
ment to 600 volts. 

Slip-regulator control equipment automatically varies 
the speed of the set with the load and permits the fly- 
wheel to hold the input from the line below a predeter- 
mined valued and when hoisting on the given cycle will 
hold the power input to within five per cent of the 
mean. 

The Ward-Leonard system of control is used and the 
generator field is varied by contactors controlled by a 
master controller and current limit relays which func- 
tion during both acceleration and retardation. 

To maintain the cycle necessary to secure the large 
output expected from this mine, high rates of accelera- 
tion and retardation are necessary. The calculated 
rates of acceleration of the down-going skip is 1314 ft. 
per sec. per sec. Tests on rates of accelerations place 
the maximum without a dangerous slackening of the 
rope between 15 and 19 ft. per sec. per sec. With cur- 
rent limit control of acceleration only, it would be possi- 
ble to attain a rate of drum acceleration with light skip 
loads or empty skip which would be dangerous. To 
prevent this occurring, the field contactors are controlled 
in addition to the current limits by a traveling nut 
switch which regulates the rate of building-up the 
generator voltage, thereby giving approximately con- 
stant acceleration rates irrespective of the load. 

While the control is equipped with current limit 
relays to limit the pump back load in retardation, there 
is a question whether these should be depended upon 
for retardation in emergencies when the maximum rate 
possible is desirable. The retardation time can be 
reduced as compared to retardation with current limit 
relays by the use of a Tirrill type relay which will hold 
the regenerative breaking current value to a constant 
which may be the maximum capacity of the generators, 
or at a safe retardation rate. 

In either of these cases, however, if the main breaker 
goes out, control of the hoist must be maintained en- 
tirely by the brake. To take care of this emergency 
there is provided short-circuiting resistance controlled 
by contactors which will be immediately inserted across 
the terminals of the hoist motors with the opening of 
the main breaker. This resistance will give maximum 
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safe load for the motors and this load will be maintained 
as near constant as is possible by two additional sets of 
contactors which close successively when the motor 
armature voltage is reduced by the slowing down of 
motor or drum speed to a predetermined value. 

Provision for prevention of overspeeding at any 
point in the shaft, for slowing down when approaching 
dumping point, for overtravel and for starting in wrong 
directions are provided in duplicate by traveling nut- 
limit switches, cam turnoff device and limit switches, 
with necessary back-out switches. Men are not 
handled by this hoist; therefore protection for man 
hoisting is not necessary. 

In order to properly coordinate the operation 
of the bottom dump station with that of the hoist 
to secure maximum hoisting speed, signals are given 
and certain gates are operated by the hoist control 
devices. 

To thoroughly explain this feature, a description of 
the method of handling coal‘at the dump station is neces- 
sary. The coal is dumped by means of an air-operated 
rotary dump directly into weigh pans. The weigh pans 
are manually operated and discharge the coal through a 
chute to the skips. At the end of this chute there is a 
safety gate which is open only when the skip is at the 
bottom. These gates are operated by a crank-shaft 
which revolves 180 deg. in opening and closing. To 
this crank shaft a motor is connected through a train 
of gears. On the second reduction gear shaft there is a 
magnetic clutch for each gate. 

There are three lights in front of the operator on the 
dump floor to show respectively when the skip is in the 
shaft clear of the safety gate, when the safety gate is 
opening or closing, and when the skip is landed and the 
gate is in the proper position for loading. 

When the descending skip has just passed the lip of 
the loading or safety gate, a contact on the traveling 
nut limit switch releases the gate brake and sets the 
clutch to rotate the gate to open. When the gate is 
open a cam switch on the crank shaft resets the brake 
and releases the clutch. This operation requires about 
4/5 of a second. 

The dump operator opens the weigh pan with the 
signal that the safety gate is opening. The weigh pan, 
in opening, energizes a time relay after which an inter- 
val of eight seconds gives direct to the hoisting engineer 
the signal to hoist. 

Similar operations control the closing of the safety 
gate. The operations are repeated for both skips so 
that the hoist works on a set schedule and relays reduced 
to practically nothing. 


MAN AND MATERIAL HOIST 


The handling of men and material with the coal- 
hoisting equipment consumes considerable time, and, 
in many incidences, seriously curtails productions. An 
auxiliary hoist, preferably at the air shaft where men 
and materials can be handled at all times without in- 
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terfering with coal hoisting, is desirable at any mine 
and a_ real necessity where large capacities are 
involved. 

When skips are used for hoisting, the cage equipment 
at the man and material shaft must be suitable for 
handling solid-end cars. To meet this requirement at 
the Thermal Mine of the Donk Brothers Coal & Coke 
Company, and the Orient No. 2 Mine of the Chicago, 
Wilmington & Franklin Coal Company, an overturning 
cage is used. 

An auxiliary hoist may be used for the early develop- 
ment of the mine as well as for handling rock, coal, 
men and material throughout the life of the mine. 
Both mines mentioned were developed to a daily capac- 
ity of approximately 2000 tons before the main hoisting 
equipment was put into service. 

The man and material hoisting equipment for the 
Thermal Mine consists of a pair of first-motion steam 
engines. The exhaust steam from these units is car- 
ried to the main exhaust system with the main hoist, 
permitting the utilization of its steam for the mixed- 
pressure turbine and feed-water heating as required. 

At the Orient No. 2 Mine, where power is purchased, 
the main drive for the man and material hoist is a 
450-h. p. induction motor geared to a 7-ft. by 10-ft. 
diameter cylindro-conical drum, giving a rope speed of 
approximately 900 ft. per min. To meet the require- 
ments of the power company’s peak limitations during 
their lighting peaks, an auxiliary induction motor of 
200-h. p. capacity with an additional gear reduction, is. 
provided. 

In order to be able at all times to operate the hoist for | 
handling of men and material, a twin steam-engine 
unit is also provided and geared to the drum to be used 
in case of power failure. The steam is provided from a 
small boiler plant which must always be under steam 
for heating water for wash house, drying sand and heat- 
ing purposes. ; 

The larger motor is connected permanently to the 
drum drive by a flexible coupling. The auxiliary motor 
and steam engine are arranged with an interlocked- 
clutch device, so that only one can be connected at the 
same time. The three drives are also electrically inter- 
locked, making it impossible to move the hoist if more 
than one drive is connected. 

Safety devices are provided for both coal and man 
hoisting for all three driving units. These safety 
devices are so interlocked that it is impossible to move 
the hoist unless the proper set for the drive to be used 
is connected. Signal devices are provided to show in 
the hoist house, at cage landing and at the bottom 
landing, to indicate whether the man-hoisting or coal- 
hoisting safety devices are connected. 


FAN DRIVE 


Normally, the mine-ventilating fan is electrically 
operated. However, there is provided, for emergen- 
cies’ sake, such as motor trouble or failure of power, an 
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auxiliary steam engine which receives steam from the 
auxiliary steam plant mentioned above. 

This steam engine has sufficient capacity to furnish 
the full air requirements of the mine and is direct- 
connected to the fan shaft by means of a jaw clutch. 
The engine is equipped with a heavy flywheel to elimi- 
nate any back lash. 

Considerable saving in power consumption for mine 
ventilation can be made by reducing the fan speed at 
such times as the mine is not working. However, this 
method of operation, has not met with much favor in the 
middle west field, due to the effect of varying quantities 
of air on the roof and to the liability of gas accumula- 
tions. The general practise is to carry a constant 
volume at all times. This eliminates the necessity of 
using a variable speed motor, the most satisfactory type 
under these conditions being the squirrel-cage induc- 
tion motor or a synchronous motor, provided the latter 
is of a type that will accelerate the fan to full speed or is 
provided with a satisfactory clutching device for con- 
necting the fan after the motor is up to speed. 

The fan at Orient No. 2 Mine was originally installed 
with a 50-h. p. squirrel-cage induction-type motor and 
using short-center belt drive with idler. This motor 
to be used during the early development period and 
later changed to a size adequate for supplying the mine 
requirements. 

During the development of the mine, there is, of 
course, a steady increase in demand for air; this is 
provided for by changing the pulley on the driving 
motor and increasing the diameter as increase in fan 
speed is required. In the development of the mine, 
the increase in the demand for air can usually be cared 
-for by four pulley changes. 

This results in a lower first-cost installation as com- 
pared with the variable or adjustable speed type 
motor and better operating efficiencies. 


PREPARATION PLANT 


In the process of preparation and loading at Orient © 


No. 2, the coal is handled from the receiving hoppers to 
which coal is delivered by belt conveyor from the aux- 
iliary shaft and skipsin themain shaft, by two pan feeders 
delivering to two. screens. From the screens the coal 
passes onto picking tables and thence to loading booms. 
The 114-in. screenings may be delivered by belt con- 
veyor to the rescreening plant for further separation by 
shaking and vibrating screens. In addition to the 
preparation and loading equipment, there are a number 
of conveyers for conveying of coal, degradation and gob. 

With exception of the main feeders and the main 
screens, the equipment is driven by constant speed 
induction motors. In normal operation of screens and 
feeders, there is usually required about 10 to 15 per 
cent variation in speed to take care of the different 
rates of feed required, and the different conditions of 
the coal which may require a faster or slower screen 
speed in order to secure the best separation. 
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Wound-rotor type motors do not prove entirely 
satisfactory, it being impossible to maintain a fixed 
partial motor speed with varying load conditions and 
for the most satisfactory results, motors having shunt 
characteristics must be used. 

For this duty. thé a-c. motor commonly known as the 
brush-shifting type, should prove satisfactory, as it is 
not frequently necessary to vary the speed, hence the 
mechanical control of speed would not be objec- 
tionable. 

There has always been considerable discussion re- 
garding the proper housing for tipple motors and it is 
often argued that open type are satisfactory, since the 
coal dust does not materially injure a motor. There is 
no doubt but that the collection of coal dust even 
though it will not directly injure the installation, is 
detrimental to the motor, as it seriously impairs ventila- 
tion. This is apparently recognized even by one who 
advocates the open type motors, for it is a common 
sight on a tipple where open type motors are installed, 
to see small wooden enclosures built over the motors to 
protect them from dust. 

Enclosed or totally enclosed ventilated type will give 
the best satisfaction in tipple operation. This policy 
was carried out to a certain extent at Orient No. 2 
Mine, where motors which were subject to a great deal 
of dust were totally enclosed. 

The controls of the motors are automatic and control- 
stations are located at two points in the tipple and two 
points on the rescreener, accessible to attendants 
normally overseeing the preparation or loading of the 
coal. The control-boards are fitted with signal lights 
and speed points at which they are operated. 

Connecting conveyers, between the auxiliary tipple 
and the main tipple and between the main tipple and 
the rescreener, are provided with interlocking controls 
to prevent starting, or to stop units from the receiving 
end to prevent the possibility of delivering coal to equip- 
ment not in operation. 

There is installed in the auxiliary tipple three motors 
aggregating 75 h.p., in the main tipple, seventeen 
motors aggregating 300 h.p., and in the rescreener 
twelve motors aggregating 290 h. p. 

The motors all operate on 220-volt circuits, with 
power supplied through three banks of transformers. 
The motors on the auxiliary tipple are fed from the 
service transformers which supplies 220-volt power for 
the shop and other miscellaneous motors. For the 
main tipple and rescreener separator, 2200-volt lines 
are installed from the central switching station located 
in the auxiliary hoist house to two banks of trans- 


- formers, one located in the main tipple and the second 


in the rescreener. 

The motors are grouped as convenient on the dis- 
tribution lines originating, at the transformer second- 
ary busses and each line controlled by an oil circuit 
breaker. Control lines are provided from the low- 
voltage coil of these circuit breakers with cut-out 
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switches conveniently located so that the equipment 
can be shut down quickly in case of trouble. 

The underground system of power distribution 
between the central switching station and the various 
buildings housing the surface equipment of a mining 
plant, is by far the most satisfactory: The original 
cost of such an installation is approximately 160 per 
cent of the cost of a well-designed overhead system. 
The saving in upkeep, longer life and elimination of 
power interruptions will more than effect this difference 
in first cost. 

Very satisfactory results have been obtained with 
underground system using fiber conduit in concrete 
with lead-covered conductors. 

The location of the central-switching station is 
dependent on local methods of operation. Wherever 
possible, location which would require extra operating 
labor should be avoided. 


CONVERTING STATIONS 


For the operation of underground mining equipment 
‘consisting of locomotives, chain machines and mechan- 
ical loaders requiring d-c. power, converting stations 
must be supplied. These stations should be located at 
the various load centers at the face. The number of 
stations installed must be governed by the system of 
mine development, but should be as few as practical 
without necessitating excessive lengths of d-c. distrib- 
uting stations. This can often be accomplished by 
combining two or more sections carrying the connecting 
cables along room-entries between the parallel cross or 
main entries. In mines of large capacity it is usually 
necessary to also provide a converting station near the 
shaft bottom to supply adequate power for the main-line 
haulage motors. 

In general, the economical method of transmission 
of power from the central-mine switching station to the 
converting stations is by overhead lines carrying such 
voltage as is necessary to transmit the required load 
economically. High-voltage underground transmission 
should be avoided wherever possible as it is not only 
expensive, but introduces an element of danger. 

The substations may be placed either above ground 
with the d-c. feeders entering the mine through bore 
holes, or the converting units may be placed below 
ground, thus necessitating the carrying of high-voltage 
feeders into the mine. 

The substation on the surface has the advantage of— 

Lower first-cost. 

Keeping high voltage out of the mine. 

Better ventilation. 

Greater accessibility for repairs. 

Better inspection facilities. 

Can be kept in better condition. 

The disadvantages are— 

Makes it necessary to support heavier copper in bore 
holes. 

Cannot be reached as quickly in case of trouble. 


ADAMS: COAL-MINE ELECTRIFICATION 


Transactions A. I. E. E. 


More liable to malicious damage. 

Underground converter stations must be in fireproof 
rooms, preferably with concrete walls and floor and 
roof thoroughly secured by I-beams. Adequate 
provision must be made for ventilation, and, to secure 
the best results, wn air-split should be provided with a 
continually moving current of air through the substation 
room. 

The cost of an underground substation room and the 
installation of the equipment-varies greatly because 
of the difference in the material underground condi- 
tions existing in different mines. In specific instances, 
this cost has been 200 per cent of the cost of the building 
and labor of installing on the surface, and it is safe to 
say that, with proper underground room, the cost of 
same will always exceed the surface installations. 

Motor-generator sets have, in general, proven the 
most satisfactory for mine service. The driving unit 
should be of the synchronous type, wtih capacity for 
such power-factor correction as 1s necessary to bring the 
resultant power factor of the total mine load up to 
economical values. 

Semi-automatic control,—that is, the equipment 
started by a push button and further operation auto- 
matic,—is desirable and will usually prove their worth 
in the elimination of station attendants for either sur- 
face or underground installations. These controls are 
now standard with manufacturers of electrical equip- 
ment and embody all the necessary safety features for 
protection of the units. 

The necessity of providing load-limiting features can 
only be determined by a study of local condition.. 
However, it is seldom that such protection has a mate- 
rial value in coal mining installations. 

It is sometimes possible to eliminate the automatic 
features on the a-c. driving motor installed in under- 
ground substation. However, where the starting of the 
set is by manual control, there should be a man con- 
veniently near to act as station attendant in connection 
with other duties. 

Rotary converters are also used in mining installa- 
tions, but before such an installation, a careful study 
should be made to determine their adaptability to local 
power and load conditions. 

Based upon results that are being obtained with 
mercury arc rectifiers both in this country and abroad, 
it would appear that better results can be obtained by 
use on mining loads in place of either the rotary con- 
verter or motor generator set when cooling water is 
available. 

The converting equipment for the Orient No. 2 Mine 
for a daily production of 6000 tons consists of three 
300-kw. synchronous motor-generator sets, located in a 
concrete substation room approximately 1000 ft. from 
the main shaft. 

When the producing entries have advanced a suffi- 
cient distance, substations will be installed near the 
face in at least two sections, leaving only sufficient 
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equipment in the present substation to take care of the 
main line haulage. These prospective stations will be 
moved from time to time as it is necessary, in order to 
maintain an efficient d-c. distribution system for the 
ever advancing working faces. 


MINING EQUIPMENT 


The choice of mechanical mining, mechanical loading 
and haulage equipment is largely determined by the 
natural mining conditions and mining system used. 
The advantages of various types of equipment for these 
operations from an electrical standpoint, are usually 
considered secondary to their ability to produce de- 
sired results in the mining, loading and transportation 
of coal. 

The electrical features of the equipment furnished 
as standard by the manufacturers may often be altered 
to secure better economies under certain working 
conditions, but such changes must not be allowed to 
detract from the ability of the equipment to produce 
coal. 


Discussion 


Carl Lee: There are afew examples cited in this paper which 
might require amplification or qualification for an engineer not 
familiar with this particular industry. Estimates are made 
showing returns of 6 to 20 per cent on the investment made 
on labor and fuel-saving equipment. Yet the cost in some cases 
runs up to nearly half a million dollars. The ordinary coal 
company would hardly decide to add so much to its capital 
investment for a small return. The normal conditions of coal 
mining are so frequently interrupted by strikes, poor market and 
competition that the smaller the mine investment the nearer 
the operator can come to breaking even in the long run. 

Without discussing the various points in detail, it might be 

‘said that this paper emphasizes the fact that in the mining 
industry, which has been so rapidly electrified, it is important 
that the electrical engineering problems be given due considera- 
tion. To do this certainly requires the services of an engineer 
who has had experience in that line. Haphazard decisions will 
likely mean a loss in one way or another, which might be avoided 


by the analysis and recommendations of a properly qualified . 


engineer. 

E. J. Gealy: The only correct basis of deciding whether a 
coal-mining company should purchase power or generate it is an 
economic one as presented by Mr. Adams. All phases of the 
question should be given due consideration. 


If a coal company is not prepared to give its own power plant 
proper consideration and a fair opportunity to operate at best 
efficiencies, it is surely arguing itself into using purchased power. 
Often a coal company will do more to help reduce its power bill 
received from a utility company than it will to help its own power 
plant to operate economically. A power bill represented by cash 
to an outside company is always given more thought than costs to 
operate a mine power plant. Consequently a coal company 
will often do more to centralize its load, operate with a good load 
factor and good power factor when purchasing power than when 
generating its own energy. . 

At most coal mines, low-grade fuel is available for use in the 
power plant. This low-grade fuel if loaded, shipped and sold at 
a remote point often represents a loss. In such cases the coal 
company using this fuel in its own plant may rightly credit the 
plant with the amount of this loss rather than charge it for the 
fuel at its selling price. 
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Evidence of the fact that a coal-mine power plant can success- 
fully compete with a public utility is found throughout the coal 
fields. Outstanding examples are the Consolidated Coal Com- 
pany plant near Staunton, Illinois, which sells power to the town. 
Another large coal company in Central Pennsylvania has been 
selling power to a public utility company for years. Such exam- 
ples indicate quite clearly that the advantages are not all con- 
clusively upon one side or the other. Careful and thorough 
consideration must be given the question in all cases. 

I also know of a company which generates most of its own 
power but ties in with the power company which carries the peak 
loads. Thus the load factor upon the coal company’s plant is 
almost unbelievably good. The company has’a large pumping 
load most of which is off in the day and on at night. 

Specific examples show that it is quite possible to generate 
power at or near some coal mines. From the tipple of the No. 12 
mine of the O’Gara Coal Company near Harrisburg, Illinois, 
one can see almost directly under his feet the coal company’s 
power plant and also one of the largest public utility plants in 
Southern Illinois. Again, in Pennsylvania the Glen Alden Coal 
Company generates more power than the public utility company 
in its district. 


However, there is another phase of this question to be con- 
sidered. Many coal companies can effect much larger savings 
from capital invested in machinery used in the mining and 
preparation of coal than by owning their own power plant. 
Obviously a coal company should first consider placing capital 
where it will effect the largest savings or profits. 

Turning to the use of motor-generator sets at coal mines, it 
will be interesting to note that records obtained early last year 
show that 73 per cent of the automatic power-converting sub- 
station equipments furnished by the large manufacturers was’ 
equipped with motor-generator sets. 

Where considerable induction-motor load exists the syn- 
chronous motor-generator set lends itself admirably for power- 
factor correction. A large anthracite company is now using a 
440-volt synchronous motor on one of its motor-generator sets 
and correcting power factor right where the poor power factor 
originates. 


W. C. Adams: While an engineer’s natural tendency is to 
put in equipment to secure the greatest efficiencies, sometimes, 
irrespective of the cost, there is a limit to the amount that should 
be expended to secure this better operating efficiency which is 
based on the earnings to be derived by such improvements. 
There is a difference of opinion of the yield required to warrant 
an expenditure. I believe that an investment should yield at 
least 10 per cent, and for conservative estimates, 15 per cent 
should be used. ; 

There is a tendency and feeling among coal operators—and 
it is often right—that they should limit their investments in one 
operation to as low a figure as possible, with the thought that they 
can secure better returns on their money by other investments 
which may be operations in another field. 

Often available capital is limited and it is necessary to sacrifice 
some efficiency to secure the essential features necessary for a 
successful operation. 

With such a condition, an expenditure of $500,000 for a power 
plant might not be warranted, even though it would result in a 
yield of from 10 to 15 per cent. However, if such a power plant 
is dispensed with, it should be certain that a reliable source from 
which to purchase power can be secured. 

Irrespective of efficiencies that may be obtained, the amount 
of capital expenditure warranted for a given operation must be 
based on all the facts covering possible earnings and return of 
investment. To secure the correct answer, a careful study and 
analysis of the existing conditions must be made and the decision 
must be an economic one. 


Applications of Motors to Mine Locomotives 
BY W. A. CLARK} 
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Synopsis.—Tkis paper discusses the rule of thumb method 
of applying motors to mine locomotives. It shows why the speed of 
a locomotive should be considered in selecting motor horse power. 


it is necessary to have the following information: 

Weight of locomotive, gage, limiting height and 
width, maximum and average grade, minimum radius 
of curve and service to be performed. The weight 
required for a given service is determined by the weight 
required to haul, accelerate or brake the heaviest train 
on the steepest grade. The minimum radius of curve 
determines the maximum wheel base allowable. This, 
with the gage and the limiting height, determines the 
space available for the motor. The weight and speed 
of the locomotive determine the approximate horse 
power of the motor, and the all-day service deter- 
mines the continuous capacity required of the motor 
to perform the service without overheating. 

All manufacturers of mine locomotives have stand- 
ardized on certain weights of locomotives and on defi- 
nite motors for these weights varying with the gage and 
height limitation. The horse power ofthe motors for a 
given weight locomotive is approximately 10 h. p. per 
ton, but varies from this, depending upon the speed and 
other conditions. The basis of 10 h. p. per ton was 
established at the time all manufacturers built non- 
commutating pole motors, and all locomotives had 
rated speeds of six to seven mi. per hr. On this basis, 
the slipping point of the wheels did not require currents 
in the motors in excess of the commutating range of the 
motor. Speed should have been considered in select- 
ing the motor horse power in addition to the weight. 

If the hour rating current is not exceeded at the 
rated draw-bar pull of the motor, the motor will never 
be called upon to operate at currents beyond the 
commutating range and will have sufficient thermal 
capacity to stand the accelerating currents. 

The horse power is readily determined from the 
formula: 


iB successfully applying amotor toamine locomotive, 


Tractive effort < mi. per hr. 
375 


Tractive effort is equal to draw-bar pull plus locomotive 
friction, which may be assumed at one per cent or 
20 lb. per ton. The rated draw-bar pull with steel-tired 
wheels is 25 per cent of the weight of the locomotive, 
or 500 lb. per ton. The tractive effort is the sum of 
these values, or 520 lb. per ton. 

1. Of the Westinghouse Elec. & Mfg. Co., East Pittsburgh, 
Pa. 
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It indicates a rational method of selecting motors for locomotives 
for general application. 


Substituting in the above formula it becomes: 


520 T. X mi. per hr. 


hepe= 375 


Where T is the tons weight of the locomotive. 


This gives the horse power at the wheel, at rated 
draw-bar pull and speed. However, mine motors are 
rated in horse power at the pinion, so that to find the 
motor horse power required, itis necessary to introduce 
into the formula the gear efficiency. With the stand- 
ard arrangement of single reduction spur gear this is 
considered to be 95 per cent. The formula then 


becomes: 
h Pe 520 T X mi. per hr. 
Be i 95 X 375 

hop. : 

irae aie = 1.46 mi. per hr. 

a lai oF 

PE 
mi. per hr. = 1.46 


From this formula it is readily seen that if the horse 
power per ton per mile per hour is 1.5 or more, the hour 
rating current of the motors will not be exceeded at the 
rated draw-bar pull. The maximum starting draw- 
bar pull with steel-tired wheels is 30 to 33 per cent of the 
weight of the locomotive. The starting draw-bar pull 
will then be approximately 33/25 = 1.33 times the 
rated draw-bar pull. Using brakes to hold the wheels 
from slipping the maximum load on the motor will be 
the current corresponding to 40 per cent adhesion or 
40/25 = 1.6 times the rated draw-bar pull. With 
motor outputs corresponding to 1.33 and 1.6 times the 
rated draw-bar pull, the corresponding current in the 
motors will be approximately 1.25 and 1.45 times the 
current at rated draw-bar pull. If the motor has a 
rating of 1.5 h.p. per ton per mile per hour, the maxi- 
mum overload on the motor will be less than 50 per 
cent overload. A commutating pole motor will stand 
100 per cent overload current for short periods without 
sparking or injurious heating. Therefore, a commuta- 
ting pole motor witha horse-powerrating of considerably 
less than 1.5 h. p. per ton per mile per hour will be 
large enough to satisfactorily handle the service 
provided it has sufficient continuous capacity, 
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The ability of a motor to perform a given service 
without overheating depends on the continuous capac- 
ity and not on the hourly rating, although with similar 
designs, the continuous capacity is proportional to the 
hourly rating. _The continuous rating of a mine motor 
is measured in amperes at reduced voltage in line with 
the standardization Rules of the American Institute of 
Electrical Engineers. The rating is in amperes so that 
it may be readily checked against the root-mean-square 
current as figured or measured for a given service. Itis 
taken at reduced voltage because the average voltage 
impressed on a motor on a mine locomotive, during a 
definite time cycle of operation, will be approximately 
half the trolley voltage, or less, as the locomotive is 
standing with no voltage on the motors a large propor- 
tion of the time and is operating with resistance in 
series with the motors or with the motors in series 
during acceleration, at which time the voltage across 
the terminal of one of the motors is considerably less 
than the trolley voltage. This neglects the line-drop 
in the trolley wire from the substation to the locomotive. 

The continuous rating will vary with the design and 
size of the motor. Since it depends principally upon the 
radiating surface, it will be a smaller percentage of the 
hour rating current on larger motors than on smaller 
since the surface per weight, or volume, is less on the 
largermotor. Thecontinuousrating ofan enclosed motor 
will vary from 30 per cent to 50 per cent of the hour 
rating current. If ventilating covers are supplied on 
the motor and the armature is equipped with a fan, the 
continuous rating will be increased in proportion to the 
efficiency of the ventilation. However, in a mine, a 
self-ventilated motor draws in a large amount of sand 
- and coal dust.. While the fan will keep the motor 
cleaner than an enclosed motor, the dirt in the ventila- 
ting air has a destructive affect on the surfaces over 
which it passes. 

Another way to increase the continuous rating is the 
use of forced ventilation. A motor-driven blower is 


mounted on the locomotive and forces screened air — 


through the main motors. By the use of forced ventila- 
tion, the continuous capacity is more than doubled. 
This method of increasing the continuous capacity has 
the disadvantage of requiring an additional piece of 
apparatus on the locomotive with additional space 
required for mounting the apparatus and the air 
conduits. On large locomotives this is not a serious 
disadvantage as it is easier to find place for the blower 
and air conduits than for the much larger motor re- 
quired, if the motor were an enclosed motor without 
ventilation. The blower equipment is standard on the 
larger three-axle locomotives of several of the larger 
manufacturers of mine locomotives. It is also used on 
some smaller three-axle and two-axle locomotives, 
where mine clearances will not permit the use of an 
enclosed motor with sufficient continuous capacity to 
perform the service. 

In applying motors to a locomotive for any given 
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service, the first thing to determine is the weight of the 
locomotive required. As stated in the early part of 
this paper, this is determined by the weight required 
to haul, accelerate or brake the heaviest train on the 
steepest grade. Based on steel-tired wheels and level 
tangent tracks, the formula for determining the 
weight of locomotive is as follows: 


W L (R +A) 

~ 0.80 x 2000-— A 

Where W is the weight in tons of the locomotive 
required. 

Lis the weight in tons of trailing load = N W 
where N is number of cars and W is 
weight in tons of ear. 

R is the frictional resistance in pounds per ton 
of the cars and varies from 15 lb. to 
301b. depending on the weight of the car 
and type of bearings. 

A is the acceleration resistance. This is 100 
for one mi. per hr. per sec. acceleration 
and is usually taken as 10 or 20, cor- 
responding to an acceleration of 0.1 
or 0.2 mi. per hr. per sec. 

30 per cent is the starting adhesion with steel- 
tired wheels. 

2000 is a factor to give the adhesion in pounds 
per ton. 

Where there are grades, the weight of locomotive 
required to haul the train up the grade is determined by 
the formula: 


‘ LL (R + G) 
apr 0.25 x 2000—G 
Where G is the grade resistance in pounds per ton or 
20 Ib. per per cent grade, and 25 percent is the running 
adhesion of the locomotive. 

The weight of locomotive necessary to start the train 
on this grade is determined by the formula: 


L(Ri+ G+ A) 


W eetaleqng x 2000'— (G +'A) 


A comparison of the last two formulas shows that a 
locomotive which will haul a train up the grade will have 
ample capacity for accelerating the train provided the 
grade is more than one.and one-half to two per cent 
since the increase from 25 to 30 per cent adhesion on 
starting will more than make up for the addition of the 
accelerating resistance in the formula, since A is then 
relatively small in comparison with the sum of R +G. 

Where the grade is in favor of the load, the formula 
becomes: 


nnn) 
0.20 x 2000— G 


and to brake the train on the grade: 


W = 
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L(G+ B- Rk) 
0.20 x 2000 — (G+ B) 


Where B is the braking effort in pounds per ton and 
equals 100 lb. per ton for a braking rate of one mi. per 
hr. per sec. or 10 lb. per ton for a braking rate of 
0.1 mi. per hr. per sec. From the safety standpoint, 
the adhesion is takenas20percent. Itcan, of course, be 
increased by the use of sand provided the grade is short. 
If there are curves in the track of lengths equal to 
a train length, it is necessary to introduce in the above 
formulas the curve resistence, as for example, 


L(R+G+C+A) 
0.80 x 2000 — (4+ C + A) 


W = 


We 


where C is the curve resistance in pounds per ton. 
Curve resistance in pounds per ton for a train of mine 
cars may be determined by the formula: 


WB X 2000 


eurve resistance = 
5 Bao 49 


Where W B is the wheel base of the car in feet, and Ris 
the radius of the curve in feet. 

Having determined the required weight of the 
locomotive, it is necessary to determine whether the 
standard locomotive of the weight required has motors 
of sufficient capacity for the all-day service. If this is 
gathering service, it is rather difficult to figure the root- 
mean-square current of the motor, but the proportion of 
the time in which the locomotive is operating at high 
draw bar pull is very low, so that a motor applied in 
accordance with the formula of 1.5h. p. per ton per mi. per 
hr. will have ample capacity for any gathering service, 
and amotor of smaller horse power than determined by 
this formula would usually have the required capacity. 

In haulage service it is, however, comparatively easy 
to figure the root-mean-square from the motor curve, 
the profile and the loads. Where the hauls are not too 
long or the grades long and steep, the standard motor on 
the basis of 1.5 h. p. per ton per mi. per hr., or approxi- 
mately 12h. p. per ton, will usually have ample capacity 
for the service. But where the hauls are very long, so 
that the layover time at the end of the trip is very small 
in proportion to the total time, the root-mean-square 
current may figure higher than the continuous capacity 
of the standard motor. In this case, it is necessary to 
use a larger motor than standard for a given weight of 
locomotive, or apply forced ventilation. 

In gathering service, the standard motors have 
ratings of approximately 10 h. p. per ton of thenominal 
weight of the locomotive, which is ample for locomotives 
with rated speeds up to seven mi. per hr. This speed is 
much higher than necessary for gathering’ service. 
Storage battery locomotives with rated speeds at 34% 
mi. per hr. are able to gather almost as many cars per 
day as the higher speed trolley type gathering loco- 
motives. Both speed and horse-power rating of the 
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motors on gathering locomotives can be reduced con- 
siderably without reducing the daily output of the 
locomotive, but with a corresponding reduction in 
power consumption and peak loads. In gathering 
service the runs are short, and on most of the runs the 
load consists of one car followed by a run with the 
locomotive light. A locomotive which has its speed at 
rated draw-bar pull of 614 to 7 mi. per hr. will have a 
balanced speed running light or with one car on the 
level, of 10 to 15 mi. per hr. This is a higher speed 
than can be reached in the short runs in the rooms, so 
it is necessary to operate with resistance in series with 
the motor a large percentage of the time. If the motors 
on gathering locomotives are designed for speeds of 
four to five mi. per hr. at rated draw-bar pull, the 
power required from the line will be 20 to 25 per cent 
less, the motor may have a correspondingly lower 
rating and the actual time of the trips of the light 
locomotive or of the locomotive hauling a light load will 
be approximately the same, since the motor will operate 
for a large proportion of the time with resistance cut 
out. On runs with heavy loads, the speed will be 
reduced, but if feeder capacity is limited, the reduced 
current draw of the lower speed locomotive will give a 
higher voltage at the locomotive which will increase 
the relative speed of the locomotive. 


Discussion 


'C. Lee: The last paragraph of Mr. Clark’s interesting paper 
brings out a point that has not been considered of much weight 
in the past, but which has recently been taken into account in 
some installations of gathering locomotives. It should be con- 
sidered in all cases. : 

The duty cycle of a gathering locomotive and the physical 
condition of tracks, curves, ete., on which it: operates certainly 
make it impractical to take advantage of the full-speed character- 
istics of a 7-mi. per hr. gathering locomotive. Locomotives 
built and rated at such speed have been sold to mine operators, 
because the operators have asked for a standard locomotive. 
The manufacturer offers a 7-mi. per hr. locomotive as a standard. 
In some eases the operator wants a locomotive that can be used 
interchangeably for gathering or hauling service. A locomotive 
built to meet such requirements is not the most practical. 

Therefore, it seems that the manufacturers should build, rate 
and sell gathering locomotives rated at a speed of 314 to 5 mi. 
per hour, as standard gathering locomotives. 

E. J. Gealy: As an added bit of information necessary to 
apply a mine locomotive successfully to agiven service, I might 
suggest that the size rail be considered. Most mining companies 
use smaller rails than advisable from a tractive point of view. 
To putarelatively heavy locomotive on a small rail is uncommon. 
Under such a condition the top of the rail is so narrow that a new 
set of locomotive wheels rides on a line contact for a considerable 
period before wearing down to the shape of the rail. Thus it is 
impossible for the locomotive to develop its full drawbar pull. 


Another important detail about a mine locomotive is the clear- 
ance of the motor casings above the rails. At cross-overs and 
especially on uneven track, locomotive motors often drag and 
produce a heavy load. In service, wheels with false flanges and 
under-size wheels reduce the original clearance. The common 
practise of using undersized wheels from one type of locomotive 
on another type must be carried on with consideration. Excess 
loads may be placed on the motors by oversize wheels and the 


April 1925 CLARK: APPLICATIONS OF 
clearance under the locomotive be greatly reduced when under- 
size wheels are used. 

Ever since the first trolley locomotive was built the motor 
horse power per ton of locomotive weight has been increased. 
The ultimate limit for the ordinary haulage locomotive with the 
usual type controller, wheels and speeds, seems to have been 
reached. This ratio, about 12 h.p. per ton, appears to be nearly 
the limit because a locomotive so equipped will slip its wheels 
before it can be seriously overloaded. However, with the in- 
creased use of dynamic-braking controllers, which place the 
motors in service both when hauling and braking, still 
larger motor ratios per ton of locomotive weight may be 
required. 

The ability of a slow-speed storage-battery locomotive to 
gather as much coal as a high-speed trolley locomotive, is sig- 
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nificant. In gathering service, high speeds can rarely be attained, 
consequently much energy is used up in the control resistance to 
keep the locomotive running slowly. When we consider the 
reduced speed for which storage-battery locomotives are designed, 
we see a very good reason for their low h. p. per ton. 

W. A. Clark: Mr. Lee feels that the manufacturers should 
sell as standard, gathering locomotives with rated speeds of 
31% to 5 mi. per hour. A motor which will fit in a definite space 
will have a horse-power rating varying almost directly with the 
speed of the motor. The horse power of the motor on low-speed 
locomotive would, therefore, be low. As shown in my paper the 
horse power of the motor need not be high but the general 
demand from mines is for large horse power irrespective of the 
speed. When the demand for slow-speed gathering locomotives 
becomes great enough, they will become standard. 
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Synopsis.—The convenience and flexibility of electric lighting 
is the principle reason for the development of the present type 
of automotive electrical equipment. The conflicting requirements 
of good illumination for the drivers and the elimination of glare 
for the driver of the on-coming car have lead to the adoption of 
light-directing devices according to specifications drawn up by 
the I. E. S. Lights conforming to these specifications give good 


HE convenience and flexibility of electric lighting 
is one of the principal reasons for the present 
universal use of complete electrical installations 

on automobiles. Electric lighting for automobiles was 
experimented with from very early days; the first 
installations provided parking lights from storage 
batteries, which were removed for recharging, as no 
charging generators were fitted. Headlights were not 
used, as the high-efficiency concentrated filament lamp 
was not available and the current requirements would 
have been prohibitive with the lamps available. 
Generator systems appeared with the development of 
the metal filament lamp, the early generators usually 
having complicated controls. However, intensive ef- 
fort followed, and by 1910 generator-charging systems 
were applied as standard equipment on some makes of 
cars, to be followed by the complete starting and light- 
ing systems a year later. 

The metal filament of the six-volt lamp could be 
concentrated to such an extent that a very narrow 
beam could be obtained with a fairly short-focus (114 
in.) parabolic reflector. This beam gave better pene- 
tration than the competing acetylene lamps, although 
the roadside illumination left much to be desired, which 
limited visibility when making turns, or when driving 
on winding roads. The high candle power in the center 
of the beam, combined with the existance of very little 
side illumination to aid the driver of oncoming vehicles, 
caused the public to protest because of glare, and laws 
were passed requiring dimming when meeting other 
vehicles. 

The problem was studied by committees of the 
Illuminating Engineering Society and the Society of 
Automotive Engineers, with the final result of the adop- 
tion of the I. E. S. specifications for the distribution 
of the light from automobile headlamps. This distri- 
bution is shown in Fig. 1, which shows the permissible 
candle-power limits of the beam from a pair of lamps. 
This distribution curve is naturally a compromise be- 
tween the needs of the man behind the lamp (who must 
be able to see a dark object 200 ft. ahead on the high- 
way) and the needs of the driver facing the light, who 
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results under ideal conditions but under bad road and car springing 
conditions cause a great deal of discomfort to the drivers of on-coming 
cars and considerable dissatisfaction with the results. 

There is a great need of improved result. The possibility of 
obtaining improved result by the use of polarized light, by the means 
of light filters, by the use of more diffused light, is discussed very 
briefly. 


should be able to see the roadway as well as the car in 
question, when illuminated by his own headlamps, and 
whose vision must not be impaired or dazzled for an 
appreciable interval after he passes the others lights. 
When the headlamp is placed according to the present 
S. A. E. recommended standard, 36 in. above the road, 
the light which is at the B point, the center of the highest 
permissible candle power, strikes the road 172 ft. ahead 
of the car. This is undesirably close, since it causes 
bright illumination immediately in front of the car, and 
hinders vision of more distant objects. The light at 
the D point is the light which strikes the eye of the on- 
coming driver after he has turned aside to pass. The 
800 c. p., specified as a maximum, would be considered 
glaring by an appreciable percentage of individuals, but 
it does not leave persons of normal vision momentarily 
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Fig. 1—S. A. E. SpeciricaTtions FoR HEADLAMPS 


All points on Curves MM and NW are six ft. from a line midway 
between and parallel to the axes of the lamps at the point where the 
beam meets the road. 


blind. It must be remembered that a considerable 
amount of light, causing no objectionable glare when 
passing through a clear windshield, will make seeing 
quite impossible through a dirty windshield, or one 
covered with drops of water. Everyone could see fairly 
well with clear windshields, if, at the moment of passing 
a lighted vehicle, he concentrated his attention on the 
roadway about to be passed over, instead of glancing at 
the approaching lamps. Most of the states require 
that lights be left on full in passing, for investigation has 
shown that more accidents are caused by lack of con- 
forming to the I. E. 8. specifications than otherwise. 
It must be admitted, however, that while lamps con- 
forming completely to the I. E. S. specifications give 
excellent results on level, improved roads, combinations 
of conditions arise wherein the results are anything but 
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satisfactory. On rolling roads, or even roads which 
cause the car frame to rock about a transverse hori- 
zontal axis (a thing which often occurs on paved roads 
with certain combinations of speed and car springs) the 
high ce. p-beam is flashed into and out of the eye of an 
approaching driver. On narrow, high-crowned coun- 
try roads, drivers head. directly at each other until very 
near, and when they finally do swerve out, the rear end 
of the car tends to slide off the road, throwing the beam 
center of the light up and out to the left, directly into 
the eyes of any other approaching driver. As a result 
of this condition and the attendant dissatisfaction, Ohio 
and Michigan still require the dimming of headlights 
when within a specified distance of an approaching 
vehicle. 

Today, gas-filled bulbs, giving 21 mean spherical 
c. p., are universally used for headlamps. These con- 
sume about 15 watts each. The 6-8-volt (rated) lamps 
give full c. p. at a terminal voltage of 6.5 volts. The 
12-16-volt lamps give full ¢c. p. at 14.6 volts. These 
voltages are the results of careful survey by the lamp 
manufacturers to determine the voltages actually exist- 
ing on cars in service, and are determined by a weighted 
average, the computation being made on such a basis 
that the average life would be the designed life of 100 
hours. Recently there has developed a very lively 
controversy between representatives of car manufac- 
turers and lamp manufacturers as to whether the proper 
basis has been taken for rating lamps. For reasons 
that will be discussed in the section devoted to batteries, 
the voltages impressed on the lamps will vary over 
very wide limits, and since the designed life is very short 
and based on a voltage much lower than can and does 
exist on a considerable percentage of cars, unsatis- 
factorily short life occurs in enough cases to cause car 
manufacturers considerable annoyance. Some of the 
car manufacturers are experimenting with bulbs 
designed for longer life, and a reasonably satisfactory 
compromise will undoubtedly be worked out. 

From the illumination standpoint, the effect of varia- 
tion of voltage upon candle power, and, incidentally, 
upon glare, is clearly of great importance. Voltages 
at the lamp-terminals are found to vary from 5.9 volts 
to 8.8 volts, the lower voltage being due to undercharged 
batteries and poor wiring, and the high voltage to charg- 
ing a very cold battery already pretty well charged. 
The law of candle power variation with voltage is the 


same for the automobile lamp as for the house lamp, and . 


it is evident that the candle power at the D point of 
Fig. 1 can greatly exceed the specified minimum if the 
device has been so designed that 800 candle power is 
approached for a lamp at normal candle power. 
Distribution, approaching that shown in the chart, 
was maintained for a considerable period exclusively 
by the use of a properly focused bulb in a simple para- 
bolic reflector combined with a so-called lens, which, as 
a general proposition, is not a lens at all but simply a 
circular sheet of glass into which various combinations 
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of prismatic sections have been incorporated. This 
results in rearranging the distribution of the light from 
the parabolic reflector, changing from a distribution 
giving a circular section perpendicular to the beam to 
one giving a rectangular section, or a very pronounced 
ellipse, with the shorter dimension vertical. The ideal 
device would take the beam from the parabolic reflector 
and, while leaving the full intensity in the horizontal 
and just below it, would divert the light above the 
horizontal to the sides and slightly below the horizon- 
tal, in conformity with the chart. 

The pressure for reduced cost is just as effective in 
regard to lighting as with respect to any other details 
on a motor car.* To meet this demand, some car manu- 
facturers have recently adopted a headlamp in which the 
reflector itself has been modified from the parabolic 
form so as to give the desired lateral distribution of the 
light without increasing the depth of beam over that 
obtained by the plain parabolic reflector. No lens is 
used and it is obvious that there are many ways in 
which a mirror could be modified to accomplish this 
result. 

One method which is used considerably at the present 
time is one having the mirror made up of small vertical 
sections, each of which is generated by aright linemoving 
parallel to itself and following a parabola at its center 
point. This parabola has its focus at the lamp fila- 
ment. Very satisfactory results are obtained by use of 
this principle and such reflectors have the additional 
advantage of being unaffected by the breakage of glass. 
High optical accuracy is not maintained in the manufac- 
ture of headlamp glassware, and apparently the com- 
mercial results of the use of the fluted reflector, in spite 
of theoretical difficulties in maintaining reflector shape, 
are as good as for the usual combinations of reflector 
and deflecting glassware. 

The most frequent cause of complaint against the 
lighting equipment, so far as glare is concerned, is due, 
however, not to design but to faulty adjustment. The 
desire for low cost has led to the use of many devices 
which are not mechanically secure, with the result that 
lamp bulbs although once properly focused, can shake 
out of focus; and the driver carelessly continues to use 
them with this faulty adjustment. Trouble has also 
been caused by the lens which carries the light bending 
prisms turning around in the headlamp door, resulting 
in a light distribution entirely different from that in- 
tended. Another reason for the tendency of owners to | 
leave lamps in faulty adjustment has been the difficulty 
of opening the lamp with some types of designs. 

The Society of Automotive Engineers has recently 
adopted recommended practises calling for securing 
the lenses in place by a notch interlocking with a lug 
in the door itself, thus making turning impossible. 
They have also recommended a type of door more easily 
opened than the present type with the bayonet lock. 
The bulb manufacturers have made great progress in 
improving the accuracy of the lamp filament mounting 
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with respect to the base of the lamp, making an ac- 
curacy of plus or minus 3/64 in. With this degree of 
accuracy it is possible to design the reflector or the com- 
bination of reflector and lens so that with proper design 
of glassware there will be no necessity for provision for 
adjustment. Therefore, the distribution of the light 
would be within the permissible limits so long as the so- 
called precision lamps are used. To many familiar 
with the situation it seems that the commercial appli- 
cation of such a system will result in very real improve- 
ment for the whole situation. Replacing the bulb too 
often results in faulty adjustment. 

Faulty tilting of the lamp is undoubtedly a cause of 
considerable trouble from glare. Inspection of the 
chart of Fig. 1 shows that if the minimum permissible 
candle power at the B point were raised to the A point, 
a light exceeding the maximum permissible would be 
obtained. This shift represents a shift of 1 deg. in 
tilt. The shorter wheel-base light cars on the market 
rock more than a degree, front and back, when the load 
is changed from one passenger to five passengers. If 
the headlamps have been adjusted to give a satisfactory 
driving light just inside the limits for one or two passen- 
gers, a glaring light inevitably results when the car is 
loaded. Of course, the lamps are supposed to be ad- 
justed with the full load in the car, but when this is done 
the bright light of the center beam strikes the road so 
close to the driver that if he pays any attention whatso- 
ever to lamp adjustment, he is almost certain to raise 
the angle of the beam. 

Tilting headlamps, or rather a tilting of the beam, is a 
method of eliminating glare much more satisfactory 
than dimming. This can be accomplished by a me- 
chanical control of the mirror from the dash, (a means 
which has been employed for several years by certain 
makers;) or by tilting the part of the mirror which 
reflects the greater part of the light flux directly back 
of the bulb. This tilting of the smaller part of the mir- 
ror can be accomplished by a combined spring and 
magnetic control without requiring a great amount of 
current. Recently a scheme involving the use of a 
double-filament bulb, having one filament at the focal 
point and one filament above, has been proposed. The 
beam is tilted down when switching from the filament at 
the focus to the upper filament, making a very simple 
electrical control. This latter method has not yet 
received universal approval by the state authorities but 
will probably ultimately find extensive use in one form 
or another. 

Altogether we may say that the headlighting is a 
phase of the application of electricity to the motor car 
that is least satisfactory as regards relations between 
the motor car drivers and the public. It seems reason- 
able to believe that, as a result of the great demand for 
improvement, some method will be developed in the 
comparatively near future to provide real relief to the 
situation. However, the engineering complications 
are only a small part of the difficulties at the present 
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time. We have forty-eight sovereign states, each with 
the right to set up their own inspection service and pro- 
vide their own rules for inspection and their own regu- 
lations. While fortunately these regulating bodies are 
showing a great disposition to cooperate, it is obvious 
that they can cooperate only upon the basis of mutual 
consent. Such being the case, one or two gentlemen of 
rather fixed opinions, properly placed, can postpone 
the adoption of a device of merit for a considerable 
period, since the universal use of the motor car for tour- 
ing makes it necessary that the equipment on a car sold 
in Texas shall be satisfactory to the authorities of 
California and Massachusetts, as well as all states 
between. 

No discussion of the other lamps on the car will be 
undertaken here, except a brief reference to the so-called 
spotlight. This is a lamp small in size, but usually of 
high candle power at the center of the beam. 21-c. p. 
lamps are generally used with a reflector smaller than 
that in a headlamp. While it was originally intended 
to be a manually directed lamp used for picking up 
direction signs, in states requiring dimming it is usually 
used to light up the right edge of the road. However, 
being controllable, it is frequently abused and some 
states forbid its use entirely. Even when pointed down 
and to the right, the diffused hght from the reflector is 
often so bright as to cause momentary confusion to the 
eye of a passing driver when the lamp is mounted high 


‘on the left windshield post as is usually the case. 


Therefore, its presence is somewhat objectionable. If 
mounted on the right windshield post, its use would be 
much less objectionable, especially if it were fixed. A .- 
committee of the National Conference on Street and 
Highway Safety has recently recommended that the 
mounting of spotlights on the left side of the car be 
forbidden. 

Some possible methods of improvement might be 
mentioned as a matter of general interest, merely to 
point out possibilities, with no intention to pose as a 
prophet. 

Dimming, tilting the headlight beam, or permanently 
limiting the height of the beam are all done so that an 
approaching driver will not be prevented from seeing 
objects illuminated by his own lamps, but any of these 
expedients on the part of the meeting drivers limits the 
vision of each. The most important area to be illumi- 
nated is that immediately about the approaching car, 
particularly the road to be passed over. Each driver 
might illuminate this space about his own car, and 
this could easily be done without glare to anyone, for 
very little forward-projected light would be required. 
This could be accomplished by switching from the 
regular headlamps to special lamps when cars are within 
200 or 300 feet of each other. Sufficient illumination 
of the space about the car, especially at the left, would 
go far toward compensating for the blinding effect of the 
headlamps at full briliancy. Since conditions of the 
road surface will greatly affect the results from the 
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illumination standpoint, it is doubtful if headlamps can 
be completely dispensed with by the adoption of such a 
scheme. An effort has been made in this direction by 


one car maker, but obviously the scheme cannot suc- | 


ceed unless universally applied, which would require 
legislation and impose somewhat of a hardship on 
owners of old cars, the electrical systems of which 
would not lend themselves easily to its application. 

Illumination of the roadway by a permanent lighting 
system would also take care of the problem, and it is 
reasonable to expect that the main arteries of travel 
approaching our larger cities may be so lighted in the 
not-too-distant future. This is particularly desirable 
where they carry practically solid lines of traffic for 
several hours of the day, as is already often the case. 

In the early days of the automobile, acetylene lamps 
were used without nearly so much complaint regarding 
glare as there is today. These acetylene lamps did not 
have so great an intensity in the central part of the bulb 
as that of the electric lamp, but they did give a large 
amount of side illumination immediately in front of 
the car, which was of considerable advantage to the 
driver of the oncoming vehicle. A return to this general 
type of illumination is being advocated today by several 
different interests, the claim being that the more uni- 
form light distribution gives a much more satisfactory 
result, and that the lack of penetration in the center of 
the beam is more than compensated for by the fact that 
the driver’s eyes need not to be adjusted to the effect 
of the very bright spot on the road directly in front of 
the car such as exists with the present type of lamp 
adjusted to the I. E. 8S. specifications. On the other 
hand the rather high intensity of illumination at the side 
‘of the car greatly aids the driver of the oncoming 
vehicle. 

Two schemes of obtaining this general result have 
recently come to the author’s attention. One of these, 
originated by W. D’A. Ryan, involves the use of a shal- 
low, hyperbolic reflector, so mounted in a lamp with a 
bowl-shaped front glass that the filament itself projects 
beyond all opaque parts of the lamp and throws a light 
directly on the side of the road. The maximum 
candle power in the center of the beam is from 30 to 40 
per cent of that obtained with the parabolic reflector, 
and with such a system, one can read the street numbers 
on houses being passed and still have the necessary 
vision of the road ahead. This side illumination is also 
of considerable assistance to oncoming drivers. An- 
other system for obtaining much the same result involves 
the use ofa large frosted bulb having the filament of 
greater candle power than is now used, say 36 or 40, 
mounted in a parabolic reflector. This lamp also gives 
a very satisfactory side illumination, but has much less 
candle power in the central beam. However, it has the 
advantage of simplicity and ease of application to cars 
already in service. 

Everything indicates that such types-of lighting will 
be given rather careful consideration in the near future, 
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as there is a determined effort on the part of many 
influential people to have the whole question of road 
illumination reopened and the basis of the present ap- 
proved design reconsidered. Preliminary tests indicate 
that very satisfactory road illumination can be obtained 
in this way, the penetration being quite sufficient for 
road speeds up to the usual 35 mi. per hr., and the side 
illumination gives an added feeling of security on wind- 
ing roads, as compared to a narrow concentrated beam. 
However, a large amount of light rising from the lamps 
would cause trouble in fog sooner than a: beam with a 
cut-off parallel to the road. 

One reason for the adoption of the type of lighting 
just mentioned is the difficulty of maintaining satis- 
factory inspection, at reasonable cost, of lamps installed 
according to I. E. S. specifications. It is claimed that 
in states where inspection is maintained one can have 
his lamps adjusted at an official inspection station in 
one town and be stopped by the police in the next town, 
a new adjustment being required. Where inspection 
is not provided for, the results are naturally bad. Ohio 
required approximately I. E. S. results for a short time, 
all devices approved being subjected to test. There is 
every reason to believe that the preliminary inspection 
was carefully done, but as no inspection was main- 
tained on service equipments, the glare situation be- 
came so bad, that the law requiring state approvals of 
devices was repealed and a dimming law enforced. It 
is claimed by the advocates of the lighting schemes in- 
volving the spreading light with the candle power of the 
central beam reduced in intensity, that inspection in 
service would become a very simple matter. 

A system of some theoretical interest has been pro- 
posed, based on the idea of the use of polarized light. 
If the headlamps of a car emitted plane polarized light, 
polarized parallel to a plane inclined 45 deg. to the verti- 
cal with the lower end at the left, and a plate on the 
windshield having the property of polarizing by absorp- 
tion, (as in the case with tourmaline), were arranged 
with plane of polarization at the same angle, it is 
obvious that a driver would see objects illuminated by 
his own lamps, and that the light coming directly from 
the lamps of a similarly equipped car directly facing the 
first, would be quite completely cut off with no glare. 
Goggles containing analyzers could be substituted for 
the polarizing sheet on the windshield. It would 
probably be commercially possible to polarize the light 
emitted by reflection without prohibitive cost or weight 
in the headlamps. High optical properties are required 
in the system through which the reflected light is re- 
turned, and no substances of the necessary properties for 
a polarizing windshield plate are yet known, while 
analyzing prisms for goggles are quite out of the ques- 
tion commercially. Therefore, it will probably be some 
time before such a system could be put in use. One 
cannot recommend the expenditure of a great amount of 
money in the development of the required materials, 
since such a system would require universal legislation 
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to put it into application, under which conditions the 
restrictions likely to be imposed would undoubtedly 
prevent any very great profit in its application. With 
the proper materials, however, it would seem that the 
head-lighting problem should be solved. 

Glare can also be avoided by other schemes per- 
mitting the driver to see the light on the road as thrown 
by his own headlamps, but cutting out the light of the 
headlamps of oncoming cars. One method which might 
be used would be application of colored filters, the two- 
filter combination being so selected that the amount 
of light from an ordinary tungsten headlamp passing 
the filters of two colors, would be so small that the light 
which would pass through the filter on the headlamp 
of the one car and then through the filter on the wind- 
shield of the meeting car would be minimum and 
could, therefore, cause very little glare. Thus, if all 
drivers going east or north, used orange filters in their 
headlamps to give sharp cut-off, stopping all light of 
wave lengths shorter than 580 m wu carrying the same 
colored filters on their windshields, while all drivers in 
the reversed direction had blue-green filters, cutting off 
all wave lengths longer than 580 m uy, it is obvious that 
there would not be much trouble from glare. 

Roadside markers, informing drivers which filters to 
use, could be incorporated in the ordinary route markers, 
and simple means to change from one combination of 
filters to the other, controllable from the driver’s seat, 
could be incorporated in the design. The dividing line 
for the colored filters should be chosen for wave lengths 
longer than that corresponding to maximum sensitivity 
of the light, since more energy would be available for 
the longer wave lengths than for the short. 

However, compared to the polarized light scheme, 
and due to the loss of light of the most effective wave 
lengths, such a system would have the disadvantage of 
lower efficiency, since filters with a vertical cutoff line 
are not now or likely to be available, and the cutoff 
comes close to the point of maximum sensitivity. 
There would also be difficulty for a small percentage of 
persons having a very bad form of color blindness, and 
the affect of the colored light on the roadside might be 
objectionable to some people, although preliminary 
experiments indicate that the subjective effect is not as 
great as one might think. Changed color for danger 
signal lights would also become necessary although this 
would be only a minor part of the difficulty which would 
be caused by the fact that it will be necessary to have 
universal legislation. 

An attempt has been recently made to sell such a sys- 
tem to motor car manufacturers. In this particular 
system, invented by Karl D. Chambers, a green filter is 
used for one combination and a magenta for the other, 
provision being made for the equivalent of two pairs of 
headlamps, one pair for each color and for means of 
switching from one colored headlamp to the other when 
switching filters. To take care of the rather large losses 
in light flux, due to the fact that only a small part of the 
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visible light is used, 100-c. p-lamps are used in place of 
the usual 21-c. p. The light flux which passes through 
the filters on the headlamps is approximately equivalent 
to 21 c.p. of white light. Road tests have demon- 
strated that this system does eliminate glare, as when 
using it one can see the whole of the approaching auto- 
mobile instead of simply the headlamps as at the present 
time and also see this automobile in its proper relation 
to the roadway. The greatly increased current con- 
sumption requiring a larger generator and a new current 
control make an undesirable increase in the cost. This 
would undoubtedly make it difficult to get the required 
legislation as the great majority of the cars on the road ° 
are of the type where it would be exceedingly difficult 
to fit generators of the capacity that would be needed. 


The schemes which have been mentioned above will 
undoubtedly seem very wild to the average engineer. 
However, it appeared desirable to bring them to your 
attention in the hope that they might stimulate thought 
on this very important question and possibly cause the 
development of more practical plans than those dis- 
cussed. A proper and universally satisfactory solution 
of the headlighting problem is one of the most important 
needs in the automobile industry. There is no disposi- 
tion on the part of the author to seem to criticize un- 
kindly the work of the I. E. 8. in developing our present 
specifications. Under ideal conditions there would be 
very little criticism from anyone. Unfortunately, 
however, conditions are far from ideal and there is a 
great amount of adverse criticism. It, therefore, seems 
necessary to reconsider the whole question, as a joint 
committee is now doing. If it is found impossible to. 
develop a more satisfactory method of meeting the 
problem that we now have, we shall at least have con- 
vinced more people that this is the fact. 


Discussion 


R.N. Falge: Mr. Hunt points out that with headlamp beams 
which meet the I. E. S.-S. A. E. specifications at the B 
point (175 ft. ahead of the ear) the vision of distant objects is 
interfered with by high road brightness near the car. It is true 
that this criticism applies to some of the equipments which meet 
that specification, but only because they are poorly designed. 
The fault is not with the intensity directed to the B point but 
rather because of the excessive intensities directed to the lower 
angles and striking the road near the car. Such undesirable 
light distribution is not at all inherent in the specifications. The 
better equipments follow the S. A. EH. Recommended Practice 
which provides for a relatively high intensity at the B point and a 
gradual reduction in intensity at the lower angles to provide 
satisfactory uniformity of road illumination for distances of 
several hundred feet ahead of the ear. 

Mr. Hunt says that very satisfactory road illumination, quite 
sufficient for speeds up to 35 mi. per hour, can be obtained from 
lamps provided with 36 to 40 candle power filaments and large 
frosted bulbs when used in parabolic reflectors with plain cover 
glasses. That there are conditions under which this would be 
true, I quite agree, but as a general statement covering the range 
of road, atmospheric, driving and car-voltage conditions over 
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which headlights must operate, there is ample evidence to dis- 
prove its adequacy. One might, to be sure, drive for a consider- 
able time with these frosted lamps without encountering the more 
exacting conditions for vision and be quite oblivious of the po- 
tential hazards which the inadequate lighting entailed and of the 
extra eye strain and fatigue imposed. When, however, a ear is 
equipped with two sets of headlamps, such that the driver can 
shift at will from the frosted-bulb distribution to the recom- 
mended beams, he very quickly arrives at an appreciation of the 
advantages offered by the latter. We have had much experience 
with such facilities and the various observers have all come to the 
conclusion that the light from the frosted bulbs is dangerously 
inadequate. There is furthermore, a large amount of data 
available as to the minimum illumination desired for safety under 
different road and driving conditions as determined by numerous 
observers in a ear equipped so that they could vary the form of 
beam and the intensity at all angles while driving. These data 
indicate that devices are needed designed to direct to the road 
intensities of the order of those called for by the S. A. EH. Recom- 
mended Practice. The determinations did not involve any unu- 
sual conditions as far as atmosphere or driving were concerned 
although they were made on roads with which the observer was 
not familiar. Memory and assurance of the absence of any 
special hazards could, therefore, not be counted upon to take the 
place of vision. The frosted bulb gives a maximum of only 
3000 to 4000 candle power and this has most clearly been shown to 
be insufficient. 

So much for the requirements of the man behind the lights. 
But what of the man approaching, who faces but 800 candle 
power with the conventional devices and 3000 to 4000 candle 
power with the frosted bulbs. Here again careful investigation 
and long experience has demonstrated that something of the order 
of 1000 candle power is the maximum value that one can face on 
the road without undue interference with vision. Even with 
that value there is glare; hence the advantage of the further 
relief afforded by the depressible beam, even on level roads. 
Without wishing in any way to discourage the careful study of all 
possibilities which may lead to better driving conditions at night, 
I feel it desirable to point out this tremendous gap between what 
has been found necessary on and above the road, and what is 
provided with the frosted bulb. 

L. C. Porter: Mr. Hunt rather strongly advocates the use of 
the large frosted bulbs of 36 or 40 candle power, stating that this 
lamp gives very satisfactory side illumination. That is true; 
but I should like to eall attention to the fact that the frosted bulb 
itself becomes the light source, or at least a partial light source, 
and the reason that it gives the side illumination is, because it is 
so far out of the focal point of the reflector. For the same rea- 
son the light is spread upward as wellas to the sides, and it is spread 
upward at such a steep angle that lenses and other glare-reducing 
devices cannot control it. Headlamps using such bulbs, there- 
fore, would be very glaring, and unquestionably exceed the glare 
limits set by the various state laws. A headlamp of this type 
reverts to the same general conclusion as the old Warner lenses, 
which were beautiful from the driver’s point of view, as they 
illuminated all of the surrounding scenery,—even to the tops of 
the trees, but were abominable from the point of view of the 
approaching driver, and for that reason have been absolutely 
ruled off from the road. 

W. D’A. Ryan (by letter): This paper is a direct and timely 
exposition of one of our greatest public menaces resulting in 


accidents and mortalities which are mounting at an alarming . 


rate with each succeeding year. Unless something tangible is 
done to improve the situation the present automobile headlight 
laws and regulations must of necessity fall into disrepute. It 
must be admitted,. however, that were it not for the I. E.S. 
specifications, which have been quite generally adopted, the 
situation would be much worse. 

Some maintain that the majority of accidents are caused by 
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glare, others claim that glare may be disagreeable but not par- 
ticularly dangerous and that insufficient light on the road surface 
is the weak point. J am inclined to believe that if glare were 
eliminated we would find that we had sufficient illumination on 
the road surface at the present time when using the best units 
available. I am not opposed to increasing the illumination and 
believe it should be done if possible but this would be of little 
avail unless glare is eliminated. Just so long as we are allowed 
from 800 to 2400 candle power at the C point dangerous glare 
cannot be eliminated and we may as well realize this fact now. 
If the headlights are set for 800 to 2400 candle power at C point 
we will have glare but will comply with the range of 160 to 180 
ft. as called for in the different states. If we cut the light down 
so that there is no glare at C, the range in most eases will be re- 
duced to less than 100 ft. which is not sufficient for safe driving. 
This combination is brought about by the inherent defects in the 
design of a majority of the headlights in use to-day. 


There is no rough and ready way of checking the I. E. S. 
specifications with any degree of accuracy in the existing testing 
stations. The rule now seems to be in a great many of them to 
tilt the headlights by bending the forks or otherwise until they 
consider that there is no glare, with theresult that the maximum 
light strikes the road surface far short of the legal requirements 
for range. As Mr. Hunt points out, the lamp adjustment prac- 
tised in one state does not of necessity comply with the adjust- 
ments in other states. I know of two cities within a compara- 
tively short distance of each other which have entirely different 
ideas as to what is legal and what is not. You may have your 
lamps adjusted in one city and passed o. k. and be arrested in the 
other for improper adjustment. If the facts were known very 
few headlights, if any, in service would be found to comply 
strictly with the legal specifications on all points, and as matters 
now stand it is difficult to offer any useful constructive suggest- 
ions for a radical improvement before something tangible is 
available in the way of improved automobile headlights, other 
than to suggest federal control or other means of unifying the 
regulations in all of the states. Until this is accomplished the 
present absurd situation is bound to continue. 


One serious objection to the use of frosted lamps, especially 
of high candle power, (86 or 40 as mentioned in the paper), is 
that the entire reflector becomes a disagreeable source of glare 
and as Mr. Hunt points out a great deal of this light would be 
reflected upwardly with sufficient intensity to give serious trouble 
in fog. This can be obviated with clear-bulb lamps by project- 
ing the main beam so that the high candle power rays do not rise 
above the horizontal. I have found from experience that driving 


‘with such a light when you are looking over the main beam to the 


distant range and not through it, allows good visibility in the 
fog. This is further helped by direct light (not reflected) in the 
front and to the sides of the machine which, on account of the 
low candle power intensity, does not brilliantly illuminate the fog 
but is of sufficient intensity to make the sides of the road, edges 
and fences discernible. 


After headlights permitting control of glare are placed on the 
market, high-candle power lamps to give greater road illumination 
may be approved, but until such time it will be difficult to con- 
vince the authorities having to do with automobile headlight 
regulations that a 21-candle power lamp, improperly focused,is a 
much greater source of glare than a 50-candle power lamp op- 
erated under proper conditions; so that for the present we are 
confined to the 21-candle power lamp, (which is standard for most 
of the states) and any improvements effected must be the result 
of better distribution, the utilization of stray light including that 
now producing glare and the elimination of losses in the housing 
and front door or lens. In view of the fact that there are few 
headlights today that are effectively utilizing more than one-third 
to two-thirds of the total lumens of the source, there is a fair 
opportunity to obtain considerably more useful light even under 
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the 21-candle power handicap and other limitations imposed by 
the diversified laws of the different states. 

The requirements of a first-class headlight can be summed up 
as follows: 

First. A non-glare unit having a range between 200 and 300 
ft. onalevelroad. It should be non-focusing, capable of opera- 
ting with lamps of any candle power without change of focal 
adjustment. 

Second. The light distribution should be of fairly wide char- 
acteristic with reasonable depth and should be homogeneous with 
a gradually increasing intensity from a point near the machine 
to the most distant point and the reflected beam should not rise 
above the horizontal. There is always sufficient light from even 
a macadam road surface to take care of softening the cut-off 
above the horizontal at long range. The area of greatest in- 
tensity should not be concentrated in a small spot of high eandle 
power but should have a reasonable lateral divergence. It is 
important to bear in mind that a very intense spot, particularly 
on a wet road surface introduces a new element of glare (reflected) 
which should be avoided. 

Third. A reasonable amount of light should be projected at 
right angles to the plane of the main beam and even a few degrees 
to the rear so as to light up the gutters and make turns safe in 
difficult places and also make possible the reading of road direc- 
tions on either side without the use of spotlights. 

Fourth. Sufficient light should be thrown on the front of the 
machine, that is the radiator, forward wheels and bumper, so 
that they are clearly visible and if one light fails there should be 
no chance of mistaking an automobile for a motor-cycle. The 
cut-off of the beam should be such that there would be no upward 
high-candle power rays to seatter in the fog and reduce visibility. 


Fifth. There should be a general dispersion of unreflected 
light to illuminate trees, telegraph poles and give general vista 
without glare so that distance can be judged at night as in day- 
light driving. If the non-glare feature of the unit is further 
improved by lighting up the front of the machine and the general 
surroundings, the intensity of the source becomes less brilliant by 
simultaneous contrast. Furthermore, the main beam should be 
of such a nature that it will beeome even more dead as the ear is 
approached which in turn willimprove the ability of the oncoming 
driver to see beyond the approaching ear. 

Sixth. The lights should be definitely focused for city and 
country driving so that there would be no necessity for dimming, 
tilting or other manual operations which in the majority of cases 
with the present increased automobile traffic is impracticable, 
unless operated at the low point practically all the time. 

Now from a mechanieal point of view: 

First. The lamp should be adaptable to modification of de- 
signs to meet the aesthetic lines of the car and embody the 
elements of true art which at a glance suggest that the unit is 
primarily a functioning light source rather than a decoration. 


Second. It must be sufficiently rigid in construction so that 
it cannot get out of adjustment. 

Third. It should he dust and rainproof and a simple means of 
opening the door should be provided so that the replacement of 
lamp or cleaning of reflector can be done without the use of tools 
or unusual exertion. 

Fourth. <A simple means of adjustment of the beam should be 
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provided which will not require bending of forks, difficult 
manipulations or technical knowledge; in fact, so simple that 
anyone can make the adjustment and there will be little excuse 
for failure to comply with state or police regulations. 

Fifth. The headlights must be produced at a cost which will 
not make them prolibitive even for the low-priced ears. 

I believe the above specifications are well within the range of 
possibility and ean be made without great difficulty and at rea- 
sonable manufacturing cost. 

J. H. Hunt: It seems to me that as far as the S.A. E. 
specifications are concerned, the greatest criticism is not against 
the unfavorable results that come under the special road condi- 
tions, but against the difficulty of enforeement. The regulations 
specify definite quantities of light flux at definite angles. The 
enforcing officers do not use instruments to make measurements 
on these requirements. 

In line with what Mr. Falge has stated, it seems to me there is 
one defect in the specification. I wish to make the point that the 
maximum intensity strikes the road at 172 ft. If it strikes the 
road at this point, it is not available for greater distances. It 
would seem that an additional specification should be added 
to the S. A. E. specifications, limiting the light below the hori- 
zontal as well as above the horizontal. 

Some comments have been made as to the speed limits of driy- 
ing with cars with frosted bulbs. Inthechart shown in the paper, 
the light along the horizontal for the frosted bulbs is about half 
the candle power available along the horizontal from lamps 
conforming to the 8S. A. E. specification. Now, the eye is not a 
physical instrument. It probably works in conformity to photo- 
chemical laws, and the relation between illumination and seeing 
is a logarithmic relation. As a result, the visibility of distant 
objects when using the frosted bulbs is very much greater than 
half the visibility when using lamps conforming to the specifica- 
tions, particularly since there is not so much interference because 
of high illumination directly in front of the ear. It is my personal 
opinion that it would be perfectly satisfactory to drive 35 mi. 
an hour with the frosted bulbs. This is based on considerable’ 
experience. ; 

The only reason I am bringing these particular lamps to your 
attention is because they seem to offer a possibility which should 
be studied and they are absolutely fool-proof in their application. 
I wil) defy anybody to make an installation very much worse 
than the best installation can be with them. 

With the windshield clean, it is perfectly possible for drivers 
of two cars, equipped with both of these lamps, to drive past each 
other on the road without dimming, and maintain 35 mi. an hour, 
without any more risk than is involved, I believe, in driving by 
with a tilted lamp. It would take quite a little investigation to 
find out whether they will be practicable under every conceivable 
condition. 

With respect to driving in foggy weather,I have had a limited 
experience with the frosted bulbs in foggy weather, and I am 
convineed that in a light fog, I would be just as willing to use the 
frosted bulbs as the S. A. E. specification lamps. Ihave not had 
an opportunity to drive in a very dense fog and it is quite possible 
that they will not meet that situation. I had not expected, how- 
ever, very much more trouble with them than that experienced in 
an ordinary fog. 


Load-Building Possibilities of Industrial Heating 
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Synopsis.—The author gives a brief survey of the more recent 
achievements in industrial electric heating, and shows the increasing 
tendency of industries to adopt electric heating, particularly for 
high grade products. Specific installation for such processes as 
steel treating, copper and brass annealing, vitreous enamelling, 
glass annealing, baking japans, cores, bread, etc., on a large scale, 
are described and illustrated. 


HE success attained during the past few years in 

the application of electric heat to manufacturing 

processes, indicates that the electric heating load 
will have a far-reaching affect on the future develop- 
ment and growth of central stations. 

A general survey of some of the more important 
achievements in the industrial heating field will be at- 
tempted in the hope that such a survey will assist the 
various central stations of the country to analyze the 
load-building possibilities of industrial heating in their 
respective territories. 

The use of heat in the preparation of raw materials, 
including the use of are furnaces for steel melting and 
electrochemical processes, will not be discussed in this 
paper. Attention will be directed rather to the heat 
required in manufacturing operations subsequent to the 
preparation of raw materials. : 

An appreciation of the extent to which heat enters 
into such manufacturing operations can probably best 
be gained by considering the various steps in the manu- 
facture of some well-known product. A familiar exam- 
ple, and one of which the manufacture probably best 
illustrates the extent to which electric heat has super- 
seded other heat sources, is the electric motor. Heat 
must be supplied for annealing and enameling the 
punchings, annealing frame castings, and copper, for 
enameling and varnishing the wire, for japanning end 
shields, heating coil moulds, heating impregnating 
tanks and baking ovens, soldering, preheating rotors, 
melting aluminum used for rotor bars, and for heat- 
treating the dies and tools used in this line of manufac- 
ture. Electric heat is now being successfully applied to 
most of these processes. 

An analysis of the heat and power required in the 
manufacturing of most products reveals the fact that 
the energy required for heating greatly exceeds that 
required for power. Whether the electric heating load 
will ever equal the power load, as has often been prophe- 
sied, will thus depend upon the extent to which electric 
heat will be able to supersede other heat sources. At 
present, only tendencies in this direction can be defi- 
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It is shown that the quality of product has been improved by the 
use of electric heating with little if any increase in cost, and in many 
cases, at a lower “‘over all’’ cost. 

The desirability of heating load for the central station is empha- 


sized, due to its high power factor and load factor. 
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nitely stated. These tendencies can probably best be 
brought out by considering the achievements of electric 
heating in individual applications. Accordingly, a few 
installations in each of the following fields, where electric 
heat is now successfully competing with other heat 
sources, will be discussed: 

E Steel Treating 

Tf 


Copper and Brass Annealing 
III. Vitreous Enameling 
IV. Glass Annealing 


V. Baking Ovens 

VI. Impregnating Tanks 

Steel Treating. Heat is used in steel treating chiefly 
for annealing, hardening, drawing and carburizing. 


Fie. 1—E.ectric SHEET-STEEL-ANNEALING FURNACE 


Annealing has for its main object, the softening of 
steel to increase machinability or ductility, the relieving 
of casting strain, or, in the case of electrical sheets, the 
reduction of eddy current and hysteresis losses. 

Fig. 1 shows an electric-annealing furnace of the 
elevator type, for annealing sheet steel. The sheet steel 
is stacked directly on top of the furnace car without ~ 
the use of the annealing boxes familiar in fuel-fired 
practise, and the car is charged into the furnace by a 
hydraulic elevator. This type of furnace is used in pref- 
erence to the more common car bottom furnace with 


‘doors, since the air can be more effectively excluded and 


the furnace atmosphere controlled. 
Since the heat in the fuel-fired furnace must be sup- 
plied by combustion within the furnace chamber, prod- 


543 


544 


ucts of combustion are present which have a strongly 
oxidizing effect on the punchings or other material 
being heated. Heavy steel or iron boxes which, in 
many cases, exceed the weight of the punchings them- 
selves, are required to protect the punchings from this 
oxidizing atmosphere. Thus, the fuel-fired furnace 
labors under the disadvantage of heating practically 
twice the material heated in the electric furnace for a 
given output of punchings and, at the same time, is 
charged with a high annealing box depreciation. These 
two factors have made it possible to materially reduce 
annealing costs with the electric furnace. 

This advantage, coupled with others of lower mainte- 
nance costs, more uniform product and better working 
conditions, indicate that the field for electric annealing 
of sheet steel is one capable of great future expansion. 
Fourteen electric furnaces of this type, having a total 
connected load of 2200 kw., are now being operated by 
one concern. 

The widespread adoption during the past few years 
of electric-melting furnaces by steel foundries, is now 


Fie. 2—Exectrric Toot-HARDENING FURNACES 


being followed by the general adoption of electric 
furnaces for annealing. Since annealing can be carried 
on without attendance, it is usually done at night to 
secure the advantage of low off-peak rates. The 
advantages secured are a better and more uniform pro- 
duct, less scaling and better working conditions. 

Steel is hardened by heating above its critical or 
transformation point and cooling quickly by immersion 
in some quenching medium, such as water or oil. This 
treatment greatly increases the hardness and tensile 
strength at the same time decreasing its ductility or 
toughness. The proper combination of hardness, ten- 
sile strength and toughness is secured by subsequent 
heating, known as drawing. Hardening and drawing 
are applied to tools and dies to give hardness and 
strength to the cutting edge, and to automobile parts, 
etc., to give maximum strength and toughness. 

A typical tool-hardening room equipped with elec- 
tric furnaces is shown in Fig. 2. Tool-room furnaces 
are usually of the box or pit type and require an energy 
input of from five to forty kw., depending on their size. 
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These small electric furnaces have been found particu- 
larly useful in demonstrating to manufacturers the 
superiority of electric heating, and have in factories 
where they are used thus formed the basis for the 
more extensive use of industrial heating, for other 
processes. 

Uniform heating of steel to the proper temperature 
throughout its mass is essential in order to secure maxi- 
mum properties of hardness and strength. Even a 
slight deviation from these conditions will greatly 
reduce such properties, or may even cause the breakage 
of a tool or die in quenching. This clearly marks the 
hardening of dies and tools as the field of the electric 
furnace, with its accurate temperature control and uni- 
formity of heating. 

It is interesting to note that these advantages can be 
secured at average commercial rates for electricity 
without additional operating cost. To definitely es- 
tablish this point accurate tests have been conducted 
in several plants. It might be well to add, however, 
that undue prominence is often attached to the cost of 
fuel or electricity for heating operations. A careful cost 
analysis, made of several steel parts, showed that the 
cost of electricity used for heat treating averaged only 
one-half of one per cent of the factory cost of the parts, 
while improvements in these parts equal to many per 
cent could, in most cases, be definitely credited to the 
electric furnaces. 

The advent of the automobile, with its requirements 
for lightness and great strength, has given pronounced 
impetus to the heat treatment of steel. Some parts, 
such as ball bearings, are heated as many as six times 
during their manufacture. 'The same care and accuracy 
in heating are required as for tools and dies and, ac- 
cordingly, many of the automobile manufacturers are 
turning to the electric furnace as a means of securing 
maximum results. 

The operation of electric furnaces for this work over 
a period of three or four years has clearly demonstrated 
that not only can maximum results be obtained through 
their use but that these results can be secured at a lower 
“over-all’’ cost. In most cases the cost of electricity 
exceeds the cost of oil but this higher cost is more than 
offset by lower rejections, greater uniformity of hard- 
ness making possible the speeding up of subsequent 
machining operations, less cleaning, less labor, and more 
favorable working conditions which, in turn, results 
in lower labor turnover. 

Continuous furnaces, in which the parts are pushed or 
carried through the furnace and quenched automat- 
ically, are used extensively for this work. 

Fig. 3 shows a rotary-hearth furnace in common use 
A furnace of this 
type was installed by one concern four years ago. This 
concern now has seven such furnaces in operation with a 
total connected load of 1200 kw. Space permitting, 
numerous other examples could be given in the aggre- 
gate showing a very definite trend toward the complete | 
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electrification of this important field with its enormous 
load-building possibilities. 

Carburization of steel consists in increasing the car- 
bon content of the surface of a soft steel part by heating 
it to high temperature in the presence of carbon. The 
steel parts are packed in a suitable container with 
carbonaceous material, heated in a furnace to the proper 
temperature and held at this temperature for a period 


Fig. 3—Euectrric Rorary-Hearta FuRNACE 


of several hours. Numerous installations of electric 
furnaces have proved them ideal for carburizing and 
on the cost basis alone able to successfully compete 
with fuel-fired furnaces. This is due to the high effi- 
ciency of the electric furnace during the long “‘holding”’ 
period. 

Longer life of carburizing boxes, less labor and more 
uniform results are advantages gained by the electric. 


Fic. 4—Ewectric Copprr-ANNEALING FURNACE 


carburizing furnace which promise to give great im- 
petus to its future use. 


Copper and Brass Annealing. The working of copper 


and brass increases its hardness and reduces its duc- 
tility. With continued working, the hardness of the 


metal reaches a point where any further reduction 


IPSEN: INDUSTRIAL HEATING 


545 


would cause it to break. It is then necessary to restore 
its softness and ductility by heating or annealing. In 
the manufacture of light gage sheet or wire it may be 
necessary to anneal several times. A final accurate 
annealing of some finished products is of vital impor- 
tance. A good example is the copper used for electric 
motors and generators where great ductility is required 
to prevent crystallization and breakage due to vibration. 

An electric furnace for bright annealing copper wire is 
shown in Fig. 4. In charging the furnace the platform, 
with its load of copper, is lowered by a hydraulic cylin- 
der into a pit filled with water. The furnace is mounted 
on wheels and, by means of another hydraulic cylinder, 
is pushed into a position directly over the submerged 
charge of copper. Raising the platform to its original 
position then places the charge inside the furnace 
chamber. Two platforms are provided in order that 
one may be loaded or unloaded while the other is being 
heated. 


Heating units are mounted on the walls of the fur- 
nace, radiating their heat directly to the charge. 


Fig. 5—Exuecrric Virreous ENAMELING FURNACE 


Bright annealing is secured by keeping the furnace 
chamber filled with steam and thus precluding the air. 
Accurate temperature control and uniform heat distri- 
bution produce uniform results which can be absolutely 
duplicated in every heat. 


In the fuel-fired furnace, steel muffles are required to 
exclude the products of combustion from the working 
chamber. 


The chief advantages gained by electric furnaces of 
this type are lower costs and better and more uniform 
product. One company has five of these furnaces in 
operation with a total connected load of 900 kw. 


For brass annealing, a large tunnel type of furnace is 
usually employed. One such furnace, with a connected 
load of 500 kw., has been in continuous operation for 
three years. The cost of electricity slightly exceeds the 
cost of oil but advantages, such as less scaling, greater 
uniformity of hardness, and lower rejections, have made 
the “‘over-all” cost in the electric furnace lower. Sev- 
eral such furnaces are now in operation. 
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VITREOUS ENAMELING 


In applying the vitreous enameled coating, familiar 
in lighting reflectors, kitchen ware, and sanitary ware, 
it is necessary to heat the metal to a high tempertuare 
to fuse the coating and render it adherent to the metal. 
The coating, consisting essentially of pulverized glass, 
is applied to the metal either as a thin paste or liquid 
by dipping, or, as a powder, by dusting it on the hot 
metal. The former, or wet process, is used chiefly on 
sheet metal parts such as kitchen ware, and the latter 
for cast iron parts such as sanitary ware. 

Fig. 5 is a typical installation of the furnace used for 
enameling sheet metal. The chief requirements of the 
enameling furnace are: 1. High rate of production, 
since the labor of charging the furnace constitutes a 
large part of the enameling expense. 2. Pure furnace 
atmosphere to prevent contamination of the enamel. 
3. Uniform heating to the correct temperature to 
maintain a high quality product. 4. Low mainte- 
nance cost. 5. A minimum of interruptions in 
production. 

In order to meet the requirement of a pure atmos- 
phere, it is necessary to either fire the fuel-fired furnace 
intermittently while the furnace is empty, thus reducing 
production, or to interpose a muffle between the com- 
bustion chamber and the working chamber. This also 
retards production and gives rise to frequency interrup- 
tions and high maintenance cost. 


On the other hand, the electric furnace ideally fulfills 
all these requirements. At average rates for electricity, 
it suffers the disadvantage of a somewhat higher cost for 
heat. However, the large number of furnaces in opera- 
tion have demonstrated conclusively, that in most cases 
other advantages of the electric furnace readily out- 
weigh this higher heat cost and give a product of better 
quality at a lower “‘over-all’’ cost.. One enameling 
company has, over a period of four years, increased its 
electric furnace installations to sixteen with a total 
connected load of 3500 kw. 


GLASS ANNEALING 


Glass, as it comes from the moulds in which it is 
formed, is at a high temperature. If permitted to cool 
quickly in air, strains would be set up in it that would 
cause easy breakage. The formation of these strains 
can be prevented by cooling the glass slowly in a fur- 
nace orlehr. This lehr is usually of the continuous con- 
veyer type, in which the temperature is graduated and 
the speed of the conveyer so set as to cool the glass to 
room temperature at the proper rate. There are cer- 
tain critical temperatures in the cooling curve where 
great accuracy of temperature control is required to 
prevent the formation of strains. 

Fig. 6 shows a typical electrically-heated glass lehr. 
It is heated by resistors mounted beneath the conveyer 
on the side walls and in the roof. These resistors are 
divided into five independent zones, each of which is 
arranged for automatic temperature control. The 
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location of heating units gives a uniform temperature 
throughout the cross section of the lehr and the several 
automatically controlled zones make it possible to 
accurately govern the cooling of the glass along any 
desired curve. 

This accuracy of control has made it possible to pro- 
duce a glass of much greater strength, particularly 
noticeable in the reduction in breakage of electrically 


Fig. 6—Evectrric Guass LEHR 


annealed glass in bottling machines. The cost of 
electricity for heating the lehr is, in most cases, higher 
than the cost of oil, but, as in many other instances 
referred to earlier in the paper, the cost of heat for an- 
nealing represents such a small portion of the cost of 
the finished product that even a slight improvement in 
quality will offset the additional cost. One company 


Fig. 7—E.uectric Corr Oven 


has installed eight lehrs during the past three years, 
with a total connected load of 1800 kw. 


BAKING OVENS 
Baking ovens cover such a broad field that space will 
permit of only brief reference to a few of the more 
important applications, such as japanning, core baking, 
and bread baking. 
The development of low temperature heaters for 


‘baking ovens preceded by several years the development 
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of suitable high temperature heaters for steel treating 
and other high temperature applications previously 
discussed. Accordingly, the low temperature appli- 
cations have been more fully developed and still repre- 
sent the greater part of the industrial heating load, 
exclusive of arc furnaces. 

The extensive use of japanned metal for automobile 
parts, furniture, typewriters, cash registers, etc., make 
the field of the electric japanning oven from the stand- 
point of load building one of great importance. There 
are numerous installations throughout the country 


Fig. 8—E.ectric Breap-BakING OVEN 


ranging from small-box type ovens to great batteries of 
conveyor ovens. One company has a connected load 
of 12,000 kw. for japanning, built gradually up to this 
point over a period of ten years. 

Because of the superior quality of electrically baked 
cores, electricity is becoming more generally used for 
core baking. Fig. 7 shows one of a battery of eighteen 
ovens used by one company. Another installation of 
1000. kw. in core ovens is now in process of erection. 


Bread baking by electricity has, for a long time, been 
successfully practised in homes, hotels and small 
bakeries. However, it is only recently, that the use of 
electricity has been considered for large bakeries. 
. Fig. 8 shows a 450-kw. oven recently placed in success- 
ful operation. This oven is 9 ft. wide and 80 ft. long, 
and has an output of 4000 pounds of bread per hour. 
Accurate temperature control of the oven is secured by a 
large number of automatically controlled heating zones. 


One 800-kw. oven and several smaller ovens are being 
used by one company for baking breakfast food. The 
cost of electric heat required for baking usually repre- 
sents such a small part of the total cost of the product 
that even a slight improvement in quality will readily 
compensate for the additional cost of electricity for 
baking. 


IMFREGNATING TANKS 


An interesting installation of electrically-heated 
vacuum impregnating tanks is shown in Fig. 9. Be- 
cause of the fluctuations in steam pressure and the diffi- 
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culty of securing high enough temperatures for all 
purposes, electric heating units were applied to these 
tanks. Contrary to expectations, the cost of heating 
electrically exceeded by only a few per cent the cost of 
heating with steam. Increased production as well as 
improved quality, made possible by uniform tempera- 
ture distribution and automatic temperature control, 
actually reduced the cost per unit of product. 

In addition to the large capacity installations dis- 
cussed under these various headings, there are numerous 
other applications such as melting pots, soldering irons, 
glue pots, local heating units, etc., which, in the aggre- 
gate, represent a large load. These devices possess the 
advantage of low first cost and low operating cost and 
thus find a ready market. 

The many advantages of electric heat over other heat 
sources thus established in numerous individual instal- 
lations through a broad field of applications, indicate 
that the coming years will witness a great expansion of 
this central station load. It should not be overlooked 
that it represents a particularly attractive load from the 
standpoint of the central stations, for it is all at unity 
power and high load factor. Most of the furnaces 


Fig. 9—Ewecrric IMpREGNATING TANKS 


operate twenty-four hours a day but many can operate 
to advantage only during off-peak periods. 

The rate of expansion of the heating load will depend, 
to a large extent, on the amount of effort spent in educa- — 
ting manufacturers to the advantages of electric heat. 
Effort was required to establish the electric light and 
electric motor as accepted standards in their respective 
fields; it now appears that similar effort on the part Of 
electrical manufacturers and central stations will ulti- 
mately establish electricity as the accepted standard for 
industrial heating. 


Discussion 


H.N.Shaw: The maximum temperature of electric furnaces 
is fixed by the limitations of the heating elements available. 
Above 2000 deg. fahr. metallic elements are impractical due to 
their loss of mechanical strength, but non-metallic elements are 
now available which are practical for use in industrial furnaces 
operating at temperatures up to 2500 deg. fahr. 

During the last few months, tests have been run on forging 
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furnaces operating at 2400 deg. fahr. in which a non-metallic 
element is used, and the results have proven that a forging fur- 
nace with automatic temperature control can be built so as to be 
as successful as the electric furnaces now used for steel treating. 

This development opens up a new field for the sale of power in 
very large blocks to forging shops and steel mills. One large 
shop, for example, will-require more than 20,000 kw. when all the 
oil furnaces are replaced by electric furnaces. Preliminary tests 
have shown that the electric furnace will cost less to operate and 
will require one less workman, due to the automatic temperature 
control. Besides this direct saving, the shop will be converted 
from a hot smoky place to a clean cool shop and thereby reduce 
the labor turnover. 

The use of electric forging furnaces should bring about decided 
improvements on present-day forging practise, in a manner 
similar to that in which improvements in japanning practise 
were brought about, by the introduction of the electric japanning 
oven. 

C. L. Ipsen: I was very much interested in Mr. Shaw’s 
aescription of a new form of heating unit which he considers 
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suitable for use in forging furnaces. A great variety of electric 
forging furnaces have been designed in the past which have 
clearly demonstrated the desirability of using electric heat for 
forging but none of these has proved successful on account of the 
high cost of maintenance. 

The question has been raised concerning the power surges 
caused by electric furnaces. The various ovens and furnaces 
covered by my paper are all of the resistance type and operate 
at practically unity power factor. The load is of much the same 
nature as the incandescent-lighting load and consequently does 
not give rise to any power surges. 

Concerning the desirability of this type of heating load to the 
central stations—it might be of interest to point out here that 
one large central-station company made a study of the relative 
returns from their heating load and from their lighting and power 
load. It was found that the lighting and power load returned a 
revenue of $26 per year for each kilowatt of demand and that the 
heating load returned $43 per year for each kilowatt of demand,— 
indicating very clearly the inherently high load factor of in- 
dustrial heating equipment. 
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A High-Frequency Induction Furnace Plant 
For the Manufacture of Special Alloys 
BY P. H. BRACE# 


Non-member 


Synopsis.—High-frequency induction furnaces have been used 
for some time for the laboratory preparation of special alloys ona 
relatively small scale, and, to a limited extent, on a commercial 
scale. High-frequency power has, in general, been secured from 
spark-gap oscillation generators. Recently the Westinghouse 
Electric & Manufacturing Company installed a plant having a 
nominal capacity of 20 tons per month, in which alloys are being 


HE plant described in the following paper was 
developed for the express purpose of manufacturing, 
on a commercial scale, metals and alloys of the 
same degree of purity, and having the properties of those 
heretofore available only as the result of costly small- 
scale laboratory production. The general plan of 
operation has been to melt the purest metals obtainable 
under conditions insuring the minimum of contamina- 
tion, and very gratifying results have been obtained by 
the use of electrolytic metals and high-frequency in- 
duction furnaces of the type originated by Dr. E. F. 
Northrup. 
The equipment of this plant falls into three main 
groups as follows: 
1. Electrolytic iron refinery 
2. High-frequency power plant . 
3. High-frequency furnace plant 
The description which follows will be divided along 
these lines. 


ELECTROLYTIC IRON REFINERY 

The electrolytic refining of iron is no new thing, and 
the practise followed in this plant does not differ 
fundamentally from that found successful in the 
laboratory. The electrolyte is a distilled-water solu- 
tion of the best grade of technical salts, as given by 
Table I. 

Chemical control of the plant is maintained by 
periodical analysis of the electrolyte, to determine the 
acidity and concentration of iron as well-as the pro- 
portions of the other components. The acidity is 
measured by electrometric titration in terms of the 
hydrogen-ion concentration. 

In practise, it has been found that the concentration 
of the electrolyte and the relative proportions of the 
component salts may vary over a considerable range 
without causing serious difficulty. Satisfactory de- 
posits are obtained with the iron concentration within 
limits of 45 and 55 grams per liter, and with the hy- 
drogen-ion concentration between Tee LO sand 
Ooh ess 
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produced in high-frequency induction furnaces supplied with power 
from a 100-kw., 5000-cycle inductor-type alternator. Zirconium 
silicate finds extensive use for furnace linings and thermal insulation. 
Alloys of great purity, which meet unusual and severe requirements, 
are being produced at a cost which compares favorably with that of 
oridnary commercial materials of the same nominal composition but 
having much inferior properties. 


The acidity is adjusted by addition oi: hydrochloric 
acid or ammonia, the latter being very conveniently 
added by injection into the circulating system from a 
tank of liquid ammonia. 

The temperature of the etecivte ranges between 
25 deg. and 35 deg. cent. the only heat supplied being 
that due to the passage of the electrolyzing current. 

In order to clarify the electrolyte and maintain 
uniformity of composition, it is circulated continuously 
through a nine-foot, five-tray Dorr thickener. The 
chief difficulties in the operation of the plant have been 
connected with the circulation and clarification of the 


electrolyte. These have been due to the fact that 
TABLE I 
Composition of Electrolyte 
Concentrations 
(group per liter) 
Salt Quantity Fe C1 SO, | NH, 
FeCl2.4 H20 75 grams per liter 21.1) 26.8 
(4.7 Ib. per cu. ft.) 
ResO.7 “HiO...-.- 150 grams per liter 32.0 45.5 
(9.4 Ib. per cu. ft.) ; } 
CNET) 3 SO eee 100 grams per liter 68.0 | 31.2 
(6.25 lb. per cu. ft.) 
Totals..... 53.1 


26.8 '113.5 ! 31.2 


aeration of the electrolyte from any cause results in 
oxidation of the ferrous salts and the precipitation of 
the iron as basic hydrates. As the removal of the iron 
proceeds, the acidity of the electrolyte rises, and 
shiny, brittle, deposits are produced, which peel from 
the cathode sheets and fall to the bottoms of the tanks. 
It has been necessary to arrange the pumps and piping 
and the inlets and outlets of the tanks so as to avoid 
turbulent flow and prevent entrainment of air. Clari- 
fication of the electrolyte is necessary to prevent 
contamination of the deposited iron by inclusions of 
sludge from the anodes. 

The anodes are made from hot-rolled slabs of Armco 
iron two inches (5.1 cm.) thick by 28 inches (71.2 cm.) 
wide by 40 inches (102 cm.). long. They are supported 
in the tanks by two L-shaped lugs, arc-welded to the 
corners of the slabs at one end. 
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The cathodes are cut from ordinary soft steel sheets. 
They are clamped between brass bars which support 
them in the tanks. The general appearance of the 
anodes and cathodes is shown in Fig. 1. The anode at 
the right has been in service for some time and the uni- 
formity of the corrosion is noteworthy. ‘The cathode 
shown has received a deposit approximately 144 inch 
(0.6 em.) thick, and will be ready for stripping when 
the deposit is approximately 3¢ inch (0.9 em.) thick. 

Armco iron was chosen for anode material because it 
was but slightly more expensive than other suitable 
material and because its very small content of impurity 
would minimize the contamination of the electrolyte by 
foreign metals and sludge. 

A large proportion of the insoluble impurities re- 
mains on the surfaces of the anodes as the iron is eaten 
away and forms a black, somewhat gelatinous, coating 
which interferes with the corrosive action of the 
electrolyte. If this sludge is allowed to accumulate, 
the bath will become impoverished in iron; therefore, 
the anodes are removed from the tanks about every 


Fig. 1—Euectrotytic [ron REFINERY CaTHODE (LEFT) 
with 14 In. (0.6 Cm.) Dnmposit or ELtectrotytic Iron; ANODE 
(Rieut) Arrer APPROXIMATELY Four Weeks’ Usse. Norte 
Unirorm Corrosion 


third day and washed with a strong stream of water 
from a hose. 

The cathode sheets are prepared for receiving de- 
posits by cleaning to remove grease and rust and 
heating in a gas furnace to a dull red heat for a short 
time. A thin coating of black iron oxide is produced 
which prevents strong adhesion of the deposits and 
makes it an easy matter to strip the electrolytic iron 
from the sheets. 

Carbon and sulphur are the most objectionable 
impurities. The former is removed very completely by 
electrolytic refining, as it remains in the tanks as part of 
the sludge. The sulphur in the original iron is not 
transferred, but some sulphur is introduced by the 
occlusion of electrolyte in the deposit. Analysis of a 
sample of good electrolytic iron by the “evolution”’ 
method will show a sulphur content of the order of 
0.002 per cent or less. The same sample may show a 
sulphur content of 0.015 per cent when analyzed by the 
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“oxidation” method. The latter method should always 
be used when analyzing electrolytic iron for sulphur 
because it determines the sulphur present as sulphates 
as well as that present as sulphide, while the evolution 
method shows only sulphide sulphur. 

The deposits On the cathodes are allowed to build up 
to a thickness of approximately 3% inch (0.9 em.) and 
are then washed for 48 hours in hot water agitated by 


steam jets. Two changes of water are used. By this 
TABLE Il. 
Outline Specification for Electrolytic Iron Refinery 
Total floor space......... 71 ft. (21.6 m.) x 32 ft. (9.7 m.) 
Outputi.):4.Suesemereee 700 Ib. (310 kg.) per 24 hr. 
@urrent! Al328..2 Steet 2000 amperes maximum 
Current density.......... 10-12 amperes per sq, ft. (120-144 amperes per 
sq. m.) 
Voltaget, ait eee nes 20 maximum 
Powersupply -maeee eis 50 kw., 2000 amperes, 20 volts separately ex- 


cited, d-c. generator with field control, driven 
by 70-h.p., 2200-volts, 3-phase, 60-cycle induc- 
tion motor. 

Tanks ac tere netnee inn ete cee 18 wooden tanks, connected in series, each con- 
taining 10 anodes and 9 cathodes. The tanks 
are 3 ft. (91 cm.) wide by 6 ft. (183 cm.) 
long and 4 ft. (122 cm.) deep inside. 


Piping sve steele Lead and stoneware. 
Fitting; ValVes.-ae alee Durion 
PUMPS ih. sheuey nebaet evar Two Durion centrifugal pumps, rated at 100 


gal. per min. (37.8 1. per min.) at 50 lb. per 
sq. in. (3.5 kg. per sq. cm.) driven by direct- 
connected 10-h. p., 220-volt, 3-phase induc- 
tion motors. 

Clarification: 3.....<6 eee 9 ft. (275 cm.) diameter, 5-tray Dorr thickener, 
operating with a flow of 50 gal. per min. 
(188 1. per min.). 


ANROGES nsdinaiere es Secon Armco iron, 2 inches (5.1 cm.) by 28 inches 
(69 cm.) by 40 inches (102 cm.) 


Oathoesinin ey -cnston seks Sheet steel, 1/16 in. (0.15 cm.) by 30 inches (76 
G cm.) by 40 inches (102 cm.) with coating of 
black oxide to prevent sticking of deposits. 


Fig: 2—GeENERAL View oF Evectrotytic [Ron REFINERY. 
Dorr TuHickenerR INstaLLED Brnyonp Partition ar Far END. 
Mrxine Tanks, Lert-Center. Washing Tanks, HxTREME 
Lert 


means the total sulphur can be kept below 0.01 per cent 
and occasionally as low as 0.006 per cent. After 
washing, the deposits are stripped, broken by hand 
hammers to approximately two inch (5 em.) size and 
stored ready for melting. 

The principal data concerning this plant have been 
summarized in Table II, and Fig. 2 gives a general 
view of the installation. 


— 
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HIGH-FREQUENCY POWER PLANT 

High-frequency power for the induction furnaces is 
furnished by a motor-generator set designed and built 
especially for this work. This machine was designed by 
C. M. Laffoon of the Power Engineering Department, 
Westinghouse Electric and Manufacturing Company, 
and has been described by him in some detail*. The 
alternator is of the inductor type with a cylindrical 
rotor, and operates normally at 3750 rev. per. min., 
giving a frequency of 5000 cycles per second at this 
speed. The machine delivers 400 amperes continuously 
at 250 to 300 volts, corresponding to an output of 100 


Fig. 3—Controt Paneu For Hicu-FREQUENCY POWER 
Puant. FurNAcEsS AND Driving Motor or HicH-FREQUENCY 
ALTERNATOR SEEN IN BackGRouND at RIGHT. 


to 120 kv-a. Under these conditions there have been 
no indications of excessive temperature rise in the 
windings, and the mechanical performance has been 
excellent under all conditions. The alternator is driven 
through a standard Westinghouse turbine reduction 
gear, giving a speed ratio from generator to motor of 
4.12 to 1. The motor is a standard Westinghouse 
Type S K motor, rated at 200 h. p., 280 volts, 910 rev. 
per min. provided with field control to give a frequency 
range from 4500 to 6000 cycles per second. 

The entire control of the high-frequency power supply 
is centered in the control panel shown in Fig. 3. This 
panel carries the following equipment. 

1. Relay switch for operating the automatic motor- 
starting’ equipment. 

2. Motor field rheostat for controlling motor speed. 

3. Field switch for high-frequency generator. 

4, Field rheostat for high-frequency generator. 


5. Push-buttons controlling the solenoid-operated 
condenser switches. : 


6. Frequency meter calibrated in cycles per second 


*High Frequeney Alternators, by C. M. Laffoon: Electric 
Journal, Sept. 1924, Vol. X XI, No. 9, p. 416-420. 
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and operating from a speed-indicating magneto direct- 
connected to the motor shaft. 

7. Direct-current ammeter for measuring field cur- 
rent of high-frequency alternator. 

8. Thermal ammeter for measuring high-frequency 
generator output. 

Thus, one man has complete control of the starting 
and stopping of the high-frequency gererator, of 
frequency, of condenser capacity, and of the voltage 
and current output of the alternator. For a given 
material and weight of charge, the furnace operations 
soon reduce to a routine matter of shoveling in the 
charge and the following of a definite current-time 
schedule. 

The windings of the alternator are divided into twelve 
similar sections,—six on each end of the stator,—and 
these are operated in series-parallel connection, giving 
six groups, each having two coils in series. These six 
groups are connected in parallel to the busbars through 
60-ampere, 500-volt fuses and the equalizing trans- 
formers. The purpose of the equalizing transformers is 
to ensure equal division of current among the paralleled 
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Fiq. 4—Scuematic DiaGraM or Circuits or HicgH-FREQUENCY 
ALTERNATOR, CONDENSERS AND FURNACES 


sections of the windings. Previous experience with a 
small alternator of thissame type showed that it was very 
difficult to get similar characteristics in all the coils, 
and that the relative characteristics of the coils would 


sometimes change appreciably with time, because of 


alterations produced in the dimensions or relative 
positions of the parts of the machine by temperature 
changes or other causes. As a result, it was impossible 
to form a grouping which would give an equal distri- 
bution of load under all conditions. 

Fig. 4 is a schematic diagram of the generator, equal- 
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izing transtormer, condenser and furnace circuits. 
From this it will be seen that the equalizing transformers 
consist of cores with a primary winding on each and 
that one of these primary windings is in series with each 
series pair of generator coils. All the cores are linked 
with a common secondary winding which is short- 
circuited on itself. Thus, the secondary current is 


always alike in all the transformers and the tendency is 
to maintain the equality of the primary currents; hence 
equal distribution of current among the various coil 
If, for any reason, an open circuit develops in 


J ORNS) | 


groups. 


K'1G. 5—SHOWING TRANSFORMER TANK, CorES SURROUNDED 
BY SECONDARY Circuit, FusisLe-LINK THERMAL CutT-OUuUTS 
AND LEApDs To Primary CoILs 


any coil group, the iron of the corresponding trans- 
former core is immediately subjected to the full mag- 
netizing force due to the secondary current impelled by 
the remaining transformers, and destructive tempera- 
tures are soon reached. The transformers are safe- 
guarded against this contingency by placing a link of 
low-melting alloy in the oil immediately above each 
core. These links are connected in series with the 
field coil of the alternator. Hot oil rising from any 
overheated core melts the corresponding fusible link. 
This interrupts the field current and protects the 
transformer, while, at the same time it gives notice of 
trouble to the operator. This arrangement has worked 
satisfactorily on the few occasions when accidental 
overload has caused rupture of a fuse in series with one 
of the coils. 

Fig. 5 shows the structural details of a group of 
equalizing transformers. The cases for the fusible 
links are seen above the cores. The common secondary 
consists of a copper tube, (to allow water cooling), 
which passes through the toroidal cores, and is provided 
with end-plates connected by flat copper bars to com- 
plete the circuit. The cores consist of stacks of 5 mil 
enameled four per cent silicon-steel ring punchings. 

The alternator is connected in series with the fur- 
nace, inductor coil and the bank of condensers, as 
shown diagrammatically by Fig. 4. This condenser 
installation was designed by R. E. Marbury, Supply 
Engineering Department, Westinghouse Electric & 
Manufacturing Company and has been described 
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elsewhere*. Westinghouse oil-insulated paper con- 
densers, such as are regularly used for 2300-volt power- 
factor correction service, were used to build up this 
bank of condensers. The individual units have a 
capacity of 1.21 wf. and there are eight groups of them, 
each containing .20 units in parallel. Each group is 
provided with a remote’ controlled short-circuiting 
switch and adjustment of the condenser capacity is 
effected by manipulating these switches to vary the 
number of condensers in the circuit. Table III shows 
the great flexibility made possible by this arrangement. 


TABLE III. 
Capacity Range of Condenser Bank 
No. of Groups Max. Total Capacitance Max. Total 
in Circuit voltage microfarads Kv-a. 
8 4650 3.2 2040 
a 4050 3.46 1780 
6 3500 4.02 1540 
5 2900 4.85 1275 
4 2320 6.05 1110 
3 1740 8.07 765 
2 1160 12.10 510 
1 24.2 255 


580 3 


The condensers are mounted in grounded structural 
iron frames, from which they are insulated by porcelain 
insulators designed for a maximum stress of 10,000 volts. 
Much ingenuity was exercised in arranging the electrical 
circuits within the iron frame in such a way as to avoid 


Fic. 6—GENERAL VIEW OF HigH-FREQUENCY PowER PLANT. 
From Lert to Rieut, AUTOMATIC CoNTROLLER, Hiegu-FRE- 
qumncy Moror-Grnerator Smet, ConpDENSHR Bank, 225-LB. 
Furnace, Vacuum Pumps, Conrrot Panet (From Rear), 
Vacuum FuRNACcE 


heating of the iron work by the high-frequency magnetic 
field surrounding the busbars and no trouble has been 
experienced from this cause. The condenser frames 
and condenser switches are enclosed in a grounded, 
expanded, metal housing. Busbars are carried around 
the top of the condenser frame and disconnecting 
switches are placed at intervals, and the several 


furnaces are supplied with power through these switches 


*The Application of Statice Condensers to High Frequency 
Furnaces, by R. E. Marbury: Electric Journal, Sept. 1924, 
p. 421-422. 
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which are hand-operated by means of the usual wooden 
hook-stick. 


This condenser installation is much more elaborate 
than would usually be necessary, and was made so 
purposely in order to provide flexibility, for, although 
the plant as a whole was designed as a productive 
manufacturing unit, the expectation was that it would 
also serve as an experiment station for the practical 
development of other applications for high frequency 
power, particularly in connection with heating prob- 
lems. In passing, it may be said that this expectation 
has been fully realized. 

Fig. 6 shows a general view of the motor-generator 
set, condenser bank, and a furnace being assembled 
for charging. 


HIGH-FREQUENCY FURNACES 

The high-frequency furnaces used in this plant are the 
same in principle as those which Dr. E. F. Northrup has 
so successfully developed for use with high frequency 
power derived from spark-gap oscillators. Slight 
modifications in design have resulted from the fact that 
the applied voltage is practically sinusoidal instead of 
being a series of impulses, as in the case of the spark-gap 
oscillator. From an -electrical standpoint, a_high- 
frequency furnace may be considered as a special case of 
the transformer. Physically it consists essentially of a 
water-cooled helix of copper tubing surrounding the 
material to be heated. The magnetic field produced by 
high-frequency current traversing the coil, or primary, 
induces voltage in the charge, or secondary, and the 
resulting currents cause heating. It will be obvious 
that if the resistivity of the charge is very high or very 
low the heating effect will be small, for, in the first case 
only negligible currents will flow, and in consequence, 
the product J? R will be small, while in the second case, 
low resistance will result in a small J? R product. In 
practise, satisfactory heating is obtained at 5000 
cycles per second when the resistivity of the material 
to be heated lies between the approximate limits of 50 
and 1000 microhms per centimeter cube and when the 
pitch of the coil and the current through it are such as 
to give approximately 500 ampere-turns per inch as a 
minimum. The efficiency of the furnace will increase 
as the rate of heating is increased because as the time 
required to reach a given temperature is reduced, the 
heat lost by conduction becomes a smaller proportion 
of the total amount supplied. 

As in the case of the ordinary transformer, the closer 
the electromagnetic coupling between the primary and 
secondary, the higher the power factor and electrical 
efficiency. In the case of the furnace, however, close 
coupling requires close approach of inductor and charge, 
and a point is reached at which the gain in electrical 
efficiency due to improving coupling is counterbalanced 
by the loss in thermal efficiency resulting from decreas- 
ing thermal insulation. The optimum coupling is not 
a constant but depends upon the rate of energy supply, 
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the temperature to be reached and the nature of the 
temperature cycle. The coupling coefficient will be 
denoted by ¢ and is defined as the fraction of the total 
magnetic flux produced by the coil which is linked with 
the charge. Roughly it is proportional to the ratio of 
the square of the diameter of the charge to the square of 
the diameter of the coil. For most high-temperature 
melting operations satisfactory performance is obtained 
when this ratio lies between the approximate limits of 
0.5:and 0.7, and a usual value is 0.6. Ina general way, 
the coupling giving the best results will approach the 
lower limit when it is desired to reach the maximum 
temperature with a given amount of power, and will 
approach the upper limit when a given temperature is 
to be quickly reached by generous application of energy. 

The accurate calculation of the electrical characteris- 
tics of a given combination of inductor and charge is a 
matter of considerable difficulty, not only because of the 
purely mathematical problems of determining the 
effective resistances and reactances of the coil:and the 
charge, but also because of our ignorance of the electrical 
and thermal properties of conductors and refractories 
at high temperatures. Northrup* has developed 
approximate formulas which are found to be sufficiently 
accurate for most engineering purposes when the 
frequencies are high enough to justify the assumptions: 

1. That the effective ohmic resistance of the charge 
is equal to its reactance. 

2. That the resistance of the inductor coil is negli- 
gible compared to its reactance. 

Two of these formulas are particularly useful in 
designing furnaces to operate on given voltage and 
frequency, and are given below. 


pi gen ene Oty eta (1) 
2 fl ($+ 2-2 ¢") 
p= 045 oH I 2) 
Vo + 2-2¢° 


Here, P is the power absorbed by the furnace: 
@ is the fraction of the total flux produced by the coil 
which is linked with the charge; FH is the root-mean- 
square voltage across the coil; J is the current through 
it and L is its inductance. 

In designing the furnaces for the plant here described, 
we have used somewhat different design methods, as 
outlined below. 


1. Given: An ingot of a certain size and material to 


‘be melted. 


2. Required: An estimate of the length, diameter, 
number of turns of the inductor, and the range of 
condenser capacity and kv-a. required for operation 


*Hlectric Heating by Ironless Induction, by EH. F. Northrup: 
General Electric Review, Nov. 1922, Vol. XXV, No. 11, p. 656-666. 

*Principles of Inductive Heating by High Frequency 
Induction, by E. F. Northrup: Transactions Amer. Electrochem. 
Society, Vol. XX XV, 1919, p. 69. 
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with a power supply of which the voltage, current and 
frequency are given. 

3. Experience was drawn upon to make a plausible 
estimate of the ampere turns per unit length of the 
inductor, and also to select a reasonable ratio for the 
diameters of inductor and charge. 

4, The axial length of the inductor coil is determined 
by the length of the charge, and it has been our practise 
to make it somewhat greater than that of the charge, 
the excess in genera] not exceeding the diameter of the 
charge. 

5. From (8) and (4) the dimensions of a trial coil 
are found. Its inductance is calculated, and from this 
and the given values of current and frequency, its reactive 
voltage and ky-a. are found. 

6. The electrostatic capacity required to resonate at 
the assigned frequency with the inductance determined 
in (5) is caleulated, using the formula, 


re renee 

4a? f? L 
where C is the capacity in farads: f, the frequency in 
cycles per second: and L the inductance of the coil. 
This establishes the maximum voltage and kv-a. 


rating for the condenser and the minimum value for its 
electrostatic capacity. 


7. The effective resistance of the inductor is calcu- 


lated from its direct-current resistance in the light of. 


test results. Test data are available which show that 
for frequencies between 5000 and 10,000 cycles per 
second the high-frequency resistance of the usual fur- 
nace coils will pe from 5 to 25 times the direct-current 
resistance. For 1% inch (1.27 em.) by 34 inch (1.9 em.) 
copper tubing flattened to 0.45 inch (1.14 em.) and 
edge-wound with a pitch of two turns per inch (0.79 
turns per cm.) the a-c. resistance is approximately 25 
times the d-c. resistance for coils having proportions 
usually encountered in furnaces, the length-diameter 
ratio being of the order of two to three. 

8. The resistance of the charge is calculated on the 
assumption that it is a thin cylindrical shell of which the 
length and outside diameter are those of the charge, and 
the thickness is given by Steinmetz’s* formula for the 
depth of penetration of current in a conductor, 


5030 
‘ V \ uf 
where 
L, is the effective depth of penetration in centimeters: 
\ the conductivity of the material in reciprocal 
ohms per em.?: 
wu the magnetic permeability of the material and 
f, the frequency in cycles per second. 
9. The inductance of the charge is calculated by 
assuming that it is a very thin cylindrical shell whose 


*Transient Electric Phenomena and Oscillations, by C. P. 
Steinmetz: 1909 Edition, p. 376. 
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mean length and mean diameter are those of the shell 
given by (8). 
10. The mutual inductance of coil and charge are 
calculated by means of the approximate formula, 
27? Ad? n Ne 


fe a UES and 
dx<10° 


where 
M is the mutual inductance in henries: 
A» the means radius of effective current zone in 
charge in centimeters: 
n, the total turns on coil; 
Ns, the total turns on charge (= 1); 
X, the half length of the coil, and A, the effective 
radius of the coil ih centimeters. 
11. The effective inductance of the coil when the 
charge is in place will be less than that of the coil alone, 
and is calculated from the formula given by Morecroft,* 


wo M ) L: 


2 


Lyi = Ly~ ( 


is the effective inductance of coil with charge; 

the inductance of the coil alone; 

-@, the product 27 xX frequency in cycles per 
second; 

the mutual inductance of coil and charge; 

L., the inductance of the charge and 


Z. the impedance ( \/ R.? + L,” ) of the charge. 


12. The effective resistance of the coil will be 
increased by the introduction of the charge because of 
energy absorption by the latter. The effective resist- 
ance of the coil when surrounding the charge is calcul- 
ated by a formula given by Morecroft.t 


2 
w M ) R, 
where 


Z» 
R, is the effective resistance of the combination of 
coil and charge: 

R,, the high frequency resistance of the coil alone: 

R., the resistance of the charge as calculated in (8). 

13. The minimum values of the reactive kv-a. and 
voltage of the coil and hence of the condenser, and the 
maximum electrostatic capacity required, are deter- 
mined by the effective inductance of coil and charge as 
calculated under (11) on the assumption that the 
condenser capacity will be adjusted to give resonance 
at the chosen frequency. 


14. The effective resistance of the condenser is 
calculated from a knowledge of its power factor as 


Ry = Ry + ( 


*Principles of Radio Communication: Morecroft, p. 87. 
t loc. cit. 
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determined by test, and the kv-a. corresponding to a 
given current. 

15. The maximum power and current which will be 
taken by the furnace at the given generator voltage is 
then calculated by summing the resistances given by 
(12) and (14), and any circuit resistance which may 
enter, and applying Ohms’ law, assuming operation at 
resonant frequency so that the inductive reactance of 
the furnace circuit is balanced by the capacitive 
reactance of the condenser, and hence that the apparent 
resistance between the terminals of the condenser-fur- 
nace circuit is equal to the true ohmic resistance. 

16. The power input to the charge is found by sub- 
tracting the copper losses in the coil (determined from 
its high-frequency resistance and the current) from the 
total power as determined by (15). The maximum 
temperature obtainable can be found approximately by 
calculating the thermal resistance of the refractories 
separating charge and coil, and from this the tempera- 
ture drop from charge to coil required to transfer the 
thermal equivalent of the power input to the charge. 

17. Having thus arrived at a tentative design for 
the inductor coil and an approximate estimate of its 
performance, the final design can usually be obtained 
by a second approximation with sufficient accuracy. 

In practise, it has been found that the method out- 
lined above gives very good results so far as the deter- 
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mination of condenser capacity and coil voltage are con- 
cerned. The results for maximum temperature obtain- 
ableand the effective resistance of the coil with chargeare 
less accurate. This is due to the approximations nec- 
essary in the calculation of the copper losses in the coil 
and the effective resistance and inductance of the charge 
(hence the effective resistance of the coil with charge) 
and to uncertainty as to the true values of the electrical 
and thermal properties of materials at high tempera- 
tures. Table IV gives a comparison of the results 
of calculation and test for a certain melting furnace. 
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The actual construction of two types of furnace now 
in use is shown by Figs. 7 and 8. 

Fig. 7 isa vacuum furnace designed tomelt 50-to 60 Ib. 
charges of iron. The vacuum jacket enclosing the 
furnace proper consists of a micarta tube to which 
micarta duck-end plates are sealed by means of a special 
wax. The furnace proper consists of a slightly tapered 
helix of copper tubing supported on radial asbestos 
abutments carried within a second micarta tube. 
Water and electrical terminals are brought out from 
both ends and the middle of the coil. Above the coil 


TABLE IV. 
Comparison of Caiculation and Test Datafor 50-lb. Vacuum Furnace 


Resonant] Furnace Coil 
Fre- Current | voltage 
quency |with full)(for 184] Power Input 
(with full) charge |amperes)| Factor kw. 
charge) : 
@alculated sc. aeaeee 6200 300 735 6.5 23.8 
HSKON LE IYS Bet Giclee tocomrACeC eras 6100 184 740 10.7 14.5 


is a water-cooled cylindrical shield formed by casting a 
shell of neat Portland cement around a helix of copper 
tubing. This shield supports the thermal insulation 
around the upper end of the furnace chamber and 
protects the micarta casing of the furnace against heat 
from the charge. The top end-plate is provided with 
an opening through which the furnace is filled. When 
the furnace is in operation, this opening is closed with a 
water-cooled cover provided with a glass observation 
window. A rubber gasket and stopcock grease form a 
vacuum-tight joint between the cover and the end 
plate. 

The melting chamber is formed by placing a crucible 
within the coil and inverting a second one over it. A 
hole is cut through the bottom of the second crucible 
to allow for charging and for observation of the occur- 
rences within. Zirconium silicate, ground to a uniform 
size of approximately 100 mesh, has been found a very 
satisfactory material for providing the necessary re- 
fractory thermal insulation around the furnace chamber. 
All the space between the crucibles and the coil and 
thermal shield is packed with this material, and the 
furnace is then ready for charging. The whole volume 
of the melting chamber is available for containing the 
ingredients of the charge because as melting proceeds 
in the bottom crucible fresh material settles down from 
the top. 

With the furnace charged and the cover in place, 
evacuation is next in order. We have used No. 2 
Trimount rotary oil pumps, exhausting into a system 
whose pressure is kept at approximately 1% inch 
(10-12 mm.) of mercury by a reciprocating vacuum 
pump. When the furnace is cold, the pressure within 
it can be reduced to a few hundredths of a millimeter of 
mercury, but it is usually impossible to get much below 
five millimeters of mercury when the furnace contains 
a molten 50-lb. charge of iron, for example, be- 
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cause of the evolution of gases from the charge and the 
hot refractories. 

With the furnace exhausted and water flowing 
through the coils, it is ready for operation. It is con- 
nected to the busbars and the alternator is started and 


TABLE V. 


Log of High Frequency Vacuum Furnace Operation 
Charge: 50 lb. 4 per cent Silicon-Iron Alloy 


Fre- 
Time quency | Vacuum 
Mins. | Current | Voltage | cycles/ |mm. Hg. Remarks 
second 
0 0 0 es 0.5 Power on. 
10 100 rere, 8000 Rs Top half of coil. 
20 150 500 8500 att 
30 175 600 9000 2.5 
50 80 500 10500 Dii5 
65 140 750 |-»+7000 30. Changed to full coil. 
75 180 1000 7400 20 Melting evident. 
90 |; 192 1100 Melting complete. 
130 . |210—180/Off scale} .... sf se0Ny 
150 200 Off scale Cee 22: 
155 | ->100 Pe A 2 ae ora 
165 |» 50 wees Paes i165. Freezing commences. 
170 |» O Top solid, power off. 
410 3 Furnace opened. 


allowed to speed up with small field excitation. At 
first the current is imperceptible but it soon rises 


sharply to a maximum as the resonant frequency is” 


passed. When the resonant frequency has been found, 
the alternator speed is reduced to give a slightly lower 
frequency and the field excitation adjusted to give the 
desired furnace current. Stable operating conditions 
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are obtained by working slightly below resonance 
because tendency to increasing speed is counteracted 
by the increased load on the generator due to increases 
in both furnace current and power factor at the genera- 
tor terminals which take place as resonance is 
approached. 
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After the melt has been brought to the proper con- 
dition, it is cooled by decreasing the power input and 
bringing the temperature of the charge down until 
it is close to the solidification point, and then cutting 
off the power, allowingit tofreeze. 'Thecoolingschedule 
has an important-bearing on the soundness of the ingot 
and is determined by experience. By using only the 
top half of the coil during cooling, the solidification of 
the top of the ingot can be retarded. This practise 
aids considerably in getting ingots which are free from 
shrinkage cavities. 

The log of a typical run of one of these vacuum 
furnaces is given in Table V. 


Fig. 9—HieH-Frequency Furnaces, 225-Le. (100 Ka.) 
Capacity. Higu-Frequency Moror-GeneRAtorR SET AND 
CONDENSER Bank IN BacKGROUND 


The variations in the frequency are due to the changes 


in the inductance of the furnace caused by the changes 


in the coupling coefficient and the resistance of the 
charge which occur as the latter is converted from a 
stack of irregularly shaped pieces of metal to a cylin- 
drical molten mass. 

When the ingot has cooled sufficiently, the vacuum is 
released, the zircon scooped out and the crucibles and 


Fic. 10—HicuH-Frequency Furnaces. From Lerrr to 
Rieut; Contrrotn Panent, Vacuum Pump, 50-Ls. Vacuum 
Furnace, Two 225-Ls. (100 Ka.) Furnaces, Hyprocen 
TANK. CRUCIBLES AND INGOTS IN THE FOREGROUND 


contents lifted out with a pair of specially designed 
tongs. The taper of the furnace coil facilitates removal 
of the charge. 

The bottom crucible is used but once, but the top 
one usually lasts through five or six heats. The zircon 
is used repeatedly although there is some loss due to its 
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caking on the outside of the lower crucible, and being 
discarded. 

Fig. 8 is a diagrammatic cross section of a furnace 
designed to melt 225-lb. charges of iron. The general 
appearance of some furnaces of this type is shown in 
Fig. 9. They are carried by structural iron frames 
mounted on rollers so that they may be easily meved 
about, and trunnions are provided so that they can be 
tilted for discharging. The melting chamber is formed 
by two crucibles, one inverted above the other as in the 
vacuum furnace. The hydrogen, or other protecting 
gas, is led in through a small side opening near the top 
end of the upper crucible. Zirconium silicate is packed 
between crucibles and coil and rings of asbestos lumber 
retain it around the upper crucible, above the end of the 
coil. 

The necessity for using copper tubing of such large 
radial width may be questioned, but experience with 
some of the first furnaces built shows that the inductor 
coil must possess considerable mechanical strength if it 
is to resist the stresses caused by the expansion of the 
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type, shown diagrammatically in Fig. 8. The one 
next to the vacuum furnace was in operation when the 
photograph was taken. In the foreground are two 
ingots from the large furnaces and two of the crucibles 
used to make them. 

In the early stages of our high-frequency furnace 
work the problem of refractory thermal insulation and of 
crucibles and furnace linings gave us much concern. 
Zirconium silicate is now used almost exclusively for 
thermal insulation, and the same material bonded with a 
small percentage of refractory clay is used to make 
furnace linings and crucibles. The process for making 
these crucibles was worked: out by A. A. Frey, of the 
Research Department of the Westinghouse Electric & 
Manufacturing Company, and the crucibles are now 
being manufactured regularly at a cost which makes it 
economical to allow the ingots to solidify in the crucibles 
and use the crucibles but once. Thus, we avoid the 
pouring of ingots and the attendant complication and 
expense, eliminating the need for skilled personnel 
which would otherwise be required for this work. 


crucible. The zircon packing between the crucible and Because of the unusual character of some of the 
TABLE VI. 
Log of Run of 225-lb. High-Frequency Furnate Charge: 225-lb. Iron-Nickel Alloy 
Current Voltage Kw. Kw. 
Time in Generator Motor 
Mins Furnace Generator Furnace Output Input Frequency Remarks 
0 280 252 1780 70.6 99 4650 Start 80 lb. metal in furnace 

10 400 256 2330 102.5 146.5 4650 
20 400 232 2260 93.0 135.0 4800 150 lb. of metal in furnace 
30 400 232 2120 93.0 115.0 5000 
40 400 210 2030 84.0 104.8 5200 Charging completed 
50 250 180 1250 45.0 60.0 res Melting completed 
60 250 87 1020 21.6 48.6 4700 Cooling started 
70 205 lt 800 14.5 42.0 4700 
80 205 70 805 14.3 42.0 4700 Top frozen 
85 205 70 805 14.3 42.0 4700 
90 0 0 0 0 0 Manas" Power off 


coil does not seem to possess a great deal of resilience, 
and water leaks in two coils were definitely traced to 


stretching due to the thermal expansion of the crucible © 


and refractory packing. 

The operating routine of these furnaces is not 
greatly different from that of the vacuum furnace just 
described. Melting is done at atmospheric pressure, 
usually under the protection of a suitable gas. Hydro- 
gen is convenient and has been used in the majority of 
cases. The gas is supplied from a tank of compressed 
gas through a regulating valve. A typical log of a 
furnace run on a 225-lb. charge of iron-nickel alloy is 
shown by Table VI. 

Fig. 10 gives a good idea of the general appearance of 
a portion of the melting floor as seen when looking to- 
ward the control panel and high-frequency motor- 
generator set. In the center is seen one of the vacuum 
furnaces described above, and between it and the con- 
trol panel may be seen the vacuum piping and the oil 
pump. The mercury manometer and vacuum connec- 
tion to the furnace appear on the right side of the fur- 
nace. The two right-hand furnaces are the 225-lb. 


processes and much of the equipment used in this plant, 
it might appear that it is nothing more than an over- 
grown laboratory, burdened with all the complications 
and expense usually associated with laboratory opera- 
tions. A laboratory might be defined as a place where 
results are obtained without regard to cost or output, 


TABLE VII. 
Analysis of Production Costs based on Monthly Output of 30,000 Ih. 


(13,500 kg.) (Costs in cents per pound) 
; Iron-Nickel Alloy 
Electrolytic Iron (ingots) 
HIE} Glo) Meee TRE Mo SMe! Cre rene OOD 1.96 Sk 
Incidental factory expense......... 10.36 6.81 
Material... $4, duane anor caeerne 4,23 28.3 
Totals: -o tovie sac tore ores so meets actrees 16.55 36.62 


while the plant must produce the same results without 
regard to anything but cost and output. 

When the plant is operating on a production schedule, 
there is one furnace connected to the power supply at 
all times, while others are being charged or emptied. 
The maximum output which has been required in any 
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one month was slightly more than 30,000 pounds, and 
this figure was reached without difficulty. 

The operations of this plant have been subject to the 
same cost analysis and accounting procedure as other 
works departments of the Westinghouse Electric & 
Manufacturing Company, and the figures given by 
Table VII are believed to be trustworthy. The item 
“Incidental Factory Expense’’ covers capital charges, 
amortization, rental, supervision and all other overhead 
charges. 

These figures are very satisfactory for they indicate 
that, by the extension of laboratory methods, it hasbeen 
possible to produce a highly specialized material of 
great purity which meets very stringent specifications, 
at a cost not far different from the market price of 
ordinary commercial material having the same nominal 
composition but very much inferior properties. 
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Discussion 


H.N. Shaw: I should like to ask what the over-all efficiency 
of that high-frequency induction furnace really is? That is, the 
ratio of the B. t. u. put into the motor to the B. t. u. actually 
developed in the iron of the furnace. It seems to me that there 
would be other applications if that efficiency is at all high. 
Offhand, it would seem to me to be quite low. 

P. H. Brace: Inreply to Mr. Shaw’s question as to the over- 
all thermal efficiency of the high-frequency furnace and generator 
installation, I should say that for an input of approximately 
150 kw. to the motor we get slightly more than 100 kw. out of the 
generator. Twenty kw. are lost in the copper of the inductor 
coil of the furnace and five kw. in the condensers, thus leay- 
ing a balance of about 75 kw., which is converted into heat in 
the charge. This is not a particularly high thermal efficiency as 
compared with that obtained with large are furnaces, but with 
the present type of furnace we can easily do things that are not 
practicable with other types. We have complete control of our 
furnace atmosphere and in our particular design of furnace 
we have avoided all the troubles due to the casting of ingots 
and done away with all of the heavy labor. The [use of 
electrolytic metals has eliminated the fire refining steps required 
in ordinary steel-making processes and we have attained a prod- 
uct which we were unable to secure in any other way. I might 
emphasize the fact that this plant is more than a plaything; we 
are producing approximately 40,000 lb. per:month/of one particu- 
lar material. 


Synchronous Motor Drive for Rubber Mills 


With Special Reference to Dynamic Braking Control 


for Safety Stopping 
BY C. W. DRAKE: 


Member, A. I. E. E. 


Synopsis.—Since wownd-rotor induction motors with clutch 
brakes have been very commonly used for this application, a review 
of the operating conditions and safety requirements is given, in order 


to show why synchronous motors without clutches may be used for 
the same application. ; 


URING 1920, the Rubber Subcommittee of the 
Industrial and Domestic Power Committee of the 
A. I. E. E. collected and prepared considerable 
data relative to the choice and selection of motors for 
mill-line drives (paper presented January 14, 1921 at 
the Akron-Cleveland meeting). It was mentioned in 
this report that synchronous motors had certain desir- 
able characteristics for mill-line drives and that there 
were a few in operation which had given very satis- 
factory service. The real demand for synchronous 
motors, however, has come only since the interest in 
power-factor improvement has been given thoughtful 
consideration. 

Mill-line drives may be divided into two groups; 
namely, the geared type, in which gear units with high 
or moderate speed motors are used, and the gearless 
type, in which the motors operate at the speed of the 
mill line or about 100 rev. per min. For the latter 
group, synchronous motors have been used principally 
on account of their lower cost and better performance as 
compared with induction motors, while those synchro- 
nous motors which have been used for gear drive were 
undoubtedly installed primarily for power factor pur- 
poses, since there is little advantage in efficiency or 
difference in costas compared with the induction motor. 

Rubber mill drives impose two severe conditions upon 
the motor equipment, first, a high starting torque when 
the mills are started with rubber in the rolls, and second, 
a quick stopping in case of accident or emergency. The 
risk and danger involved in the milling of rubber has 
been appreciated ever since the industry started, and 
these factors have always had an important bearing 
on the type of driving equipment used. In other words, 
the question of safety to employees has had, as it 
rightly should have had, preference over other factors 
in the layout of mill drives. A knowledge of these 
- conditions explains why the wound-rotor induction 
motor, which has been most extensively used for mill 
drives, has in most cases been equipped with a clutch 
brake. From the standpoint of starting and running 
the clutch is unnecessary, as such motors have ample 
starting torque. However, since most of the stored 
energy of the system is in the rotor of the motor, it is 
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not surprising to find that one of the first methods of 
obtaining quicker stopping was to disconnect the motor 
and then apply a brake on the remaining load. Al- 
though clutch brakes have been quite generally used, 
it has been found in many cases that it is the practise 
in starting to close the clutch first and then start the 
motor, thus using the clutch only as a safety feature 
and saving the wear which would be occasioned during 
starting to the clutch lining. 

In view of the established or common practise em- 
ployed in the installation of wound-rotor motors, it was 
to be expected that synchronous motors which had lower 
starting torque and,as a rule, more stored energy, would 
be equipped with similar clutch brakes, and that these 
would be used both during starting and stopping. 
Thus equipped, the synchronous motor should give 
service identical to that of the induction motor, since 
each may be designed for the same maximum torque, 
although the fact that the induction motor slows down 
considerably before reaching its maximum torque may 
sometimes give sufficient warning to prevent its pulling 
out and stalling. Many of the early installations of 
synchronous motors were of the gearless type, and since 
motors as slow as this have a low starting torque, the 
clutches were undoubtedly needed to obtain a starting 
torque comparable with that developed by the wound- 
rotor motors. Synchronous motors used with gear 
units have much higher starting torque but the question 
is Just how much torque is required to start a mill line. 

Under normal conditions the mills are started empty, 
since the rubber is always removed before shutting down 
at the end of each shift. The torque required to start 
an empty mill line is so low that it may be entirely 
neglected. If the mill line is shut down by accidentally 
pulling the safety switch or by loss of voltage, the torque 
required to start the mills will depend upon the condi- 
tion of the rubber in the mills at that time, and that 
may take from 50 per cent to 150 per cent of full-load 
torque. If the motor is shut down due to pulling out 
or the opening of the overload relay, which is usually set 
at about 200 per cent load, it is evident that if the motor 
cannot carry the load at synchronous speed, it cannot 
start it from rest, and one must resort to other means 
in order to reduce the load. The most usual method 
is to reverse the motor, thus backing up the rubber in 
the mills. Depending on conditions, the rubber may 
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either be removed if very stiff and cold, or, after again 
starting the motor in the normal direction, the rubber 
may be forced through the rolls, since by this method 
the motor gets a start before the rubber enters the 
wedge of the rolls. Experience has proven that with a 
motor of correct capacity for a given mill line the shut 
downs with loaded mills are not numerous, and conse- 
quently the question of starting torque should not un- 
duly ‘affect the rating or design of the motor. 
Synchronous motors designed to operate at 80 per cent 
power factor and at a speed of about 600 rev. per min., 
which is commonly used for geared drive, have a starting 
torque on full voltage varying from about 1.5 times full 
load torque for motors of 100 h. p. up to about 2.5 
times full load torque for motors of 400 or 500 h. p. 
capacity. When started on the 80 per cent voltage 
tap of the starting transformer a torque varying from 
1.0to 1.5 times full-load torque will actually be obtained, 
and although this is not as high as could be obtained 
by a wound-rotor motor or by a clutch, it has been 
found sufficient to meet all requirements. 

As long as a clutch was thought necessary to obtain 
sufficient starting torque, the simplest, and probably the 
cheapest, method of obtaining safety stopping was by 
means of a brake on the mill side of the clutch. The 


Front Roll 
~ io 
* £60 in-—— 
~& se q 


Nn 
16.8 Rey. per Min. 


I] 


200 Hp.,600 Rey. per Min. 
Synchronous 
Motor 


[2a [aoe 
la pL 
q Sa =] 


1—ScuEmMatTic ARRANGEMENT OF Two 60-1nN. MitLs 


witn CoupLeD-Tyrpr SyNcHRONOUS MoroR 


Fic. 


elimination of the clutch gave opportunity for other 
methods of braking, and electrical engineers naturally 
considered first the possibilities of electrical systems. 
Tests conducted a number of years ago on synchronous 
motors proved conclusively that very quick and uni- 
form stopping could be accomplished by disconnecting 
the motor armature from the a-c. supply, and con- 
necting it to a resistance of suitable value, while the 
field circuit of the motor is left energized at its normal 
full load value. Although the above facts and princi- 
ples were known many years ago, it is only during the 
last two or three years that practical application has 
been made of them in the rubber industry, and to the 
best of the author’s knowledge, no other industry has 
attempted a similar application. 

Fig. 1 shows a characteristic layout of two 60 in. 
mills, which, in this case, are driven by a 200-h. p., 80 
per cent power factor, synchronous motor, three-phase, 
440-volt, 60-cycle, 600 rev. per min. This motor is 
connected to the gear unit by means of a flexible coup- 
ling and when delivering 200 b. h. p. will have a leading 
reactive component of 124 kv-a., while a wound-rotor 
induction motor of similar rating would have a lagging 
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reactive component of 106 kv-a. Consequently the 
replacement of an induction motor by a synchronous 
motor in this case effects a reduction of 124 plus 106 
or 230 reactive kv-a. in the total plant load. 

The details of a control equipment for a synchronous 
motor with dynamic braking will vary considerably 
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with the size and voltage of the motor, also with the 
desires of the rubber company, but the fundamentals 
are the same in all cases. For instance, one company 
may desire the simplest type of manual starter while 
another desires a full automatic starter in order to in-. 
stall it in some remote location. Consequently the 
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dynamic braking contactor has been designed as a: 
separate unit which may be used with any type of 
starting equipment. Fig. 2 is a schematic or simplified 
diagram of the control in which the motor starter may 
be either manual or automatic. The three-pole, 
double-throw, dynamic braking contactor is really the 
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heart of the system, for the stopping of the mills in case 
of emergency is entirely dependent on this and is inde- 
pendent of the rest of the control. As seen from the 
diagram, also from the photograph of this contactor 
in Fig. 3, the upper contacts open the circuit to the 
motor in series with those of the main controller thus 
introducing a double break and insuring opening the 
circuit even though the main circuit breaker or con- 
tactor does not open. The safety switches, of which 
there is at least one for each mill, are connected in series 
and upon the opening of any of these, the circuit is 
opened to the low-voltage release coil of the starter 


Figs. 4 anp 5—INSTALLATION oF a 200-H.P. SYNCHRONOUS 
Moror wira Dynamic BrakiInGc ControL Driving Two 
60-1n. Mitus 


and to the upper magnet coil of the dynamic braking 
contactor. Upon the opening of this circuit the upper 
contacts open and the lower contacts are instantly 
closed by the action of gravity aided by the spring pres- 
sure of the upper contacts. 
contacts connects the motor armature. to the dynamic 
braking resistance, and since the field circuit has not 
been opened, the voltage generated produces a current, 
the value of which may be regulated by the value of 
resistance used. The voltage generated during brak- 
ing is also utilized to energize the lower magnet and hold 
the lower contacts firmly together until the motor stops. 
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The two-pole double-throw knife switch located below 
the three-pole contactor is used to reverse the direction 
of rotation of the motor when necessary and this switch 
is intended to be opened only when the motor is shut 
down. To provide against opening power current on 
this switch auxiliary contacts are provided which open 
the main circuit breaker or contactor of the starting 
equipment, also the dynamic braking contactor before 
the knife blades leave the jaws. Fig. 4 and 5 show 
installation views of a 200-h. p. synchronous motor 
mill line drive as shown diagrammatically in Fig. 1, 
together with the starting equipment. The starter 
is of the manual type panel-mounted consisting of a 
double-throw oil-immersed starting switch with sepa- 
rate mounting auto-transformers, the dynamic brak- 
ing contactor, reversing knife switch and braking 
resistance are mounted in the cabinet at the rear of 
the starting panel. 

To obtain the maximum possible safety on a rubber 
mill drive, the dynamic braking control should: 

1. Operate by gravity and not depend upon closing 
a contactor electrically. 
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2. Operate at high speed, in order to obtain as short 
a stop as possible. The special contactors developed 
for this work operate upon failure of the control circuit 


' by any cause and, due to the method of construction 


used, a very high speed is obtained. Tests upon a 500- 
ampere contactor show a total time from the opening 
of the control circuit of the upper magnet coil to theclos- 
ing of the lower contacts of about 1/20 of a second. 
High speed at this point is of great importance, for until 
the lower contacts are made, the rubber mills are travel- 
ing at full speed. The average speed of the front roll 
in the present case was about 100 ft. per min. or 20 in. 
per sec., so that the roll travel from the opening of the 
safety switch to the close of the dynamic braking cur- 
cuit of the motor would be about one inch. 

A committee of the National Safety Council has been 
gathering data regarding the stopping distances of mill 
lines with a view of eventually preparing a safety code 
for rubber mills. No conclusions have as yet been 
reached but the Department of Labor of the State of 
New Jersey, in a tentative code, has decided upon 18 in. 
as a maximum travel for group-driven mills with roll 
diameters from 16 to 24 in. The travel is to be meas- 
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ured with the mills empty on the surface of the front 
roll by means of an electrical device which operates 
when the safety switch circuit is broken. This method 
of measuring the travel, although it gives the results 
desired by the safety engineers and the rubber engi- 
neers, does not allow the electrical engineer to analyze 
the entire operation. Consequently, oscillograph 
records have been taken using three elements and a 
characteristic film is reproduced in Fig. 6. The upper 
element indicates the current through the safety switch, 
the center element the current in the motor armature 
and the lower one the voltage at the motor terminals. 
At point a the safety switch opened, while the motor 
current was not interrupted until point b was. reached. 
The small gap between b and c represents the time re- 
quired by the contactor passing from the upper to the 
lower position. The distance from c to d indicates the 
time for the motor to stop after the braking current is 
completed, and by counting the number of cycles, it is 
possible to determine just how many revolutions the 
motor made. For instance, in this case there are 16 
cycles, and since the motor has 12 poles or six cycles 
per revolution, the total number of revolutions is 
16/6 or 224 revolutions. On the mill line under con- 
sideration the ratio between the motor speed and 
the roll travel is approximately 600 rev. per min., 
to 100 ft. per min., or 10 revolutions equal 20 in. 
travel. Consequently 224 revolutions represents about 
514 inch travel, to which it is necessary to add 
about one inch for travel during the operation of the con- 
troller, making a total travel of approximately 614 in. 
The time required for the motor to stop can be adjusted 
to the maximum torque obtainable by adjusting the 
braking resistance. Probably the limiting condition 
in all cases will be the gears and mechanical parts of the 
mill drive, since the stresses in the motor when stopping 
in the minimum distance are not greater than those 
obtained when the motor is pulled out of step, due to 
overload. Asarolltravelofabout 10in. with millsempty, 
is considered amply safe by motor engineers on mills 
of large diameter, there is little need of subjecting the 
equipment to unnecessary strain, and especially since 
every safety device should be operated and checked at 
least once a day to see that it is in satisfactory operating 
condition. 

When stopping in a given distance, the dynamic 
braking will always be easier on the equipment than 
mechanical braking, since the torque developed in the 
motor is transmitted to the revolving field through the 
flexible medium of a magnetic field as compared with 
brake lining and mechanical friction in the latter case. 
Tests have also shown that the current values in the pri- 
mary winding, when braking, are materially less than 
when starting under average conditions, so that as far 
as the motor is concerned, if it is of sufficient capacity 
to start and operate the mill line satisfactorily, those 
functions will be more severe than those encountered 
in stopping by dynamic braking. 
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Discussion 


S.H. Mortensen: Mr. Drake’s paper recognizes the impor- 
tanee of the application of dynamic braking to motors driving 
rubber mills and similar industrial installations where quick stops 
are necessary for safety reasons. The importance of this was 
brought to the speaker’s attention in 1918, in connection with the 
design and operation of a 500-h. p., 450-rev. per min., self-starting 
synchronous motor, geared to a four-roll rubber-mill drivein the 
plant of the B. F. Goodrich Company in Akron, Ohio. This 
motor was installed for power-factor improvement and as it 
replaced a wound-rotor induction motor, it was connected to the 
mill by means of the magnetic clutch which formed part of the 
original motor drive, together with a solenoid-operated brake for 
stopping the mill in case of accident. As this installation was a 
novelty at that time, extensive tests were made on this motor. 
These proved not only its suitability for this type of drive but 
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alsu that it did have ample starting torque to bring the mill up 
uv speed with the clutch energized. Its pull-out was beyond any 
loaa that could be put upon it by overloading the mills with the 
toughest rubber available. 

The first opportunity for applying dynamic braking in con- 
junction with a synehronous-motor rubber-mill installation oc- 
curred in 1920, when two 500-h. p., 450-rev. per min. synchronous 
motors were designed for direct gearing to two four-roll, rubber- 
grinding mills in the plant of the Fisk Rubber Company, 
Cudahy, Wis. In this installation the magnetic clutch was 
omitted from the mill drive, together with the mechanical brake, 
the motors being designed with a heavy squirrel-cage winding 
proportioned to develop a starting torque of 2.3 times full-load 
torque which enables it to start the fully loaded mills from rest 
and bring them up to synchronous speed. The motor was de- 
signed for dynamic braking. To stop the mills a safety switch 
located over the rolls is tripped and this automatically discon- 
nects the fully excited motor from the power supply and short 
circuits its armature winding through a resistance, thereby pro- 
ducing the braking effect. The type of control used is shown in 
Fig. 1, herewith. This installation is to the best of the 
speaker’s knowledge the first where the driving motor is geared 
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direct to the mill and dynamic braking is used for emergency 
stopping. After these motors had been in service for a consider- 
able length of time they were subjected to a number of tests and 
the result of these tests together with a description of the general 
installation was written by the speaker and published in the 
August 4th, 1923, number of the Electrical World. 

Fig. 2 is an oscillographie record of the voltage and currents 
obtained at the terminals of this motor during the period of 
dynamic braking. The upper records show that the time re- 
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quired from the instant the safety switch was operated to the 
time the empty mill came to a stop corresponds to 2.9 revolutions 
on the 450-rev. per min. motor. As the gear ratio on this mull is 
1 to 20, the mill rolls actually came to a stop in 0.145 revolutions. 
The lower record of Fig. 2 shows the same condition as the upper 
part except that the mills were loaded when this test was made. 

- Under these conditions the motor came to a stop in 1.8 revolu- 
tions. By making simple adjustments this stopping time 
could be further reduced. 
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Comparative tests were made on mills similar to the one 
described above, except that they were driven by induction motors 
through a magnetic clutch and stopped by disconnecting the 
magnetic clutch and setting the mechanical brake on the mill side 
of the drive. In all cases it was found that the dynamic braking 
was superior to the mechanical braking. It is consistent in 
value and acts more quickly than the mechanical brake and with 
less mechanical shock to the mill parts. The rapidity with 
which the rolls of a mill can be stopped by means of dynamic 
braking depends upon the stored energy of its rotating parts, the 
time elements of the switches, the characteristics of the motor 
and the amount of resistance connected in the armature circuits 


- equipment. 
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during braking. When the resistance is adjusted to give a maxi- 
mum braking effect, the initial torque during dynamic braking is 
comparable to the pull-out torque of the motor with unchanged 
excitation. On the high-speed, gear-type synchronous motors 
the braking effect is as a rule ample to stop the mills in as short a 
time as the strain in the mechanical parts involved will permit, 
but where slow-speed direct-connected synchronous motors are 
involved the dynamic braking torque may not be sufficient to 
stop the mill in the desired time. In such installations the brak- 
ing effect can be further increased by increasing the motor excita- 
tion simultaneously with its being disconnected from the line. 

In connection with the installation described in Mr. Drake’s 
paper, I should like to ask how this mill is stopped in case it 
becomes necessary to bring it to a sudden stop during the 
starting period, prior to the time when excitation is supplied to 
its fields. 

In conclusion it may be of interest to the members of the 
American Institute of Electrical Engineers to know that dynamic 
braking has found successful application in connection with 
synechronous-motor-driven steel-rolling mills. An installation 
of this kind is shown in Fig. 3, which depicts a synchronous- 
motor-driven roughing mill. In this installation the dynamie- 
braking feature has proven its value as a safety measure and the 
rapid stops which it insures have, in several instances, either 
eliminated or minimized accidents which otherwise might have 
proven fatal to human life. 

KE. A. Hoener: The writer is connected with the Firestone 
Tire & Rubber Company; as engineer, also chairman of the En- 
gineering Committee, Rubber Section, National Safety Council. 
We are collating data with reference to stopping distances on 
rubber mills and I am, therefore, very much interested in this 
discussion. In this connection I have come in contact with state 
commissions and have discussed with them the merits of the 
magnetic clutch brake and synchronous motors for stopping 
mill lines. One item which the synchronous-motor manufacturers 
have overlooked and which the state officials are giving not a 
little consideration is, what happens when the power goes off? 
We have had accidents due to power mterruption on the part of 
the public utility or trouble in our own main power house 
causing power and lights to go off at the same time and mill men 
working on mills have been caught in the bite of the rolls. In 
eases of this kind dynamic braking does not do much good. We 
realize this is a very remote accident hazard, however state 
industrial boards think along these lines. 

Another item to be considered is the changing over of existing 
I am interested in getting some of the rubber 
manufacturersin the United States to change their present equip- 
ment in such a way that it will become reasonably safe. - It is 
hard to realize that there are rubber mills in existence which have 
only a motor direct-connected to the mill line without a brake 
or other safety device. This results in the line coasting to a stop 
after the power has been shut off. We also realize that when 
the manufacturer is making a new installation, he will seriously 
consider the installation of a synchronous drive on account of 
power-factor correction. However, this does not help out the 
manufacturer who desires to change over existing equipment in 
order to cut down the length of stop. 

We have in Akron, particularly at Firestone, some very large 
mill lines direet-connected to 800-h. p. induction motors by means 
of magnetic clutch brakes. I shall grant that the stopping dis- 
tances so far obtained on these lines have not been very good. 
The chief trouble has been in demagnetizing the clutch. In 
other words, the mechanical brake has to help overcome the 
magnetization that staysin the clutch. We, along with the man- 
ufacturers of equipment, have been working for some time to 
overcome this trouble. 

A great deal has been done in correcting faulty equipment 
although there is a great deal still to be done. Mills, in my opin- 
ion, offer one of the greatest hazards in the rubber industry 
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because it is impossible to guard the’bite of the rolls and still 
have them do the job for which they were installed. 

Quentin Graham: The performance of a synchronous 
motor when used for dynamic braking, as described by Mr. 
Drake, can be predicted with reasonable accuracy in a fairly 
simple manner. During the braking period, the motor becomes 
a generator feeding a non-inductive load. The energy of rota- 
tion of the machine and its load is converted into heat which is 
dissipated mainly in the external braking resistor. Sinee the 
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output of the machine as a generator is kept at unity power 
factor, the maximum braking effort is produced for a given 
current. This is a decided contrast to the braking performance 
obtained with induction motors when reversed voltage is applied 
and the power factor and torque per ampere are quite low. 

It is interesting to note the effect of changes in the ohmic 
value of the braking resistor. The curves in Fig. 4 show the 
variation in kilowatt output with changes in the braking re- 
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sistance for a particular motor. Fig. 5 shows the corresponding 
values of braking torque determined from the kilowatt output 
curves. The losses within the motor, which also have a retarding 
effect, were neglected in plotting these curves since they are 
relatively unimportant. An inspection of the curves in Fig. 5 
shows that at about 4 ohms per leg the braking torque would be 
most effective. Fig.«6 gives calculated and test curves showing 
the rate of retardation of the motor. For the case shown here 
the maximum braking torque was between two and a half and 
three times full-load torque. 

For the retardation of heavy inertia loads which require much 
longer periods of time, there are two refinements of control 
which are used. First, the field current is increased to the maxi- 
mum value so as to give the greatest possible output of the 
motor. Secondly, the braking resistance is varied as the speed 
decreases so as to obtain maximum output at all speeds. For 
most applications of dynamic braking, however, the retardation 
is too rapid to justify the use of these added complications. 

P. C. Jones (communicated after adjournment): Mr. 
Drake’s paper brings up a subject which should have been given 
more attention before, not only because it pertains to a distinet 
change in industrial drives but because the general use of such 
a method would vitally affect the entire central station industry 
by its decided affect on system power factor. 

Thus, while there are any number of phases of the subject that 
could well be discussed, there are just two points I wish to bring 
up—both of them referring to the use of synchronous motors for 
dynamic braking. 

It has always been recognized that braking equipment, par- 
ticularly if used for emergency purposes, should be independent 
of any external source of energy. For this reason electrically 
operated brakes have been arranged so that the magnet, solenoid, — 
or motor as the case may be, holds the brake released and a spring 
or weight sets the brake. Thus, even though the power should 
fail at the time the safety bar was pulled there would be no 
failure to stop. This principle is violated to some extent in the 
use of a synchronous motor as a dynamic brake. Where a 
direct-connected exciter is used the issue is met part way but not | 
completely. 

Uf course, the chances of a power outage occurring at the time 
of braking are remote and generally will not be a sufficiently 
strong counter argument to have any appreciable weight in the 
ultimate conclusion, but they should always be considered if for 
no other purpose than to insure reliable excitation. 

‘che second weakness I want to point out is inherent in all 
dynamic braking schemes. The stopping of a motor under a 
purely dynamic effect follows an exponential curve and is 
asymptotic to the axis of zero speed. Under pure dynamic 
effect, therefore, 2 motor will never stop., The expression for 
velocity is, 

Ile 
v= Ve IZ ‘e) 
where v is the speed of the motor at any moment, v9 its initial 
speed, K a constant, J the moment of inertia of the system, and 
Z the impedanee of the braking circuit. 

In any actual case, however, in addition to the dynamie action 
there is a certain amount of line and motor friction and windage. 
Under this influence the velocity expression changes to the 
form below: 


wel & 

Nuo= (Nvo +1)e Iz—-M (b) 

If the expression (a) is integrated to obtain the distance 

traveled before stopping, the result will be infinity, but the 

expression (b) may be so integrated andy,yields a result in the 
form below: 

BoE 1A) i) : (c) 

P and Q are constants, s the distance traveled before stopping, 

and J and Z bearing the same significance as above. Actually 

both (b) and (c) are modified by armature reaction which cuts 


April 1925 


down the initial torque and thus decreases the initial rate of 
deceleration, and, in the case of an a-c. generator, here. being 
discussed, by the deereasing frequeney which, by decreasing the 
reactance drop, has an opposite affect. 

There is never any question.as to the satisfactory stopping of a 
synchronous motor-driven mill line by dynamic braking under 
load conditions. Under unloaded conditions, however, where 
the friction load-is low and the moment of inertia is high, and a 
very quick stop for safety purposes is desired, the conditions 
should be carefully checked. ; 

Hans Weichsel (communicated after adjournment): It 
appears that the great number of applications to which the syn- 
chronous motor has proved to be useful, contradict the statement 
made by one gentleman that the synchronous motor cannot be 
considered as a machine of the future but rather one of the past. 

It is interesting indeed to see from Mr. Drake’s paper that the 
synchronous motor has been successfully used to replace induc- 
tion motors with wound secondary, which, up to the introduction 
of the synchronous motor, had been used for this class of service 
on account of its superior starting characteristics. The operating 
results have shown that the synchronous motor can perform this 
work not only as well as an induction motor but has proved to be, 
in many respects, superior to it. There are two pronounced 
advantages obtained by the application of the synchronous 
motor, viz: 

1. The power-factor correction 

2. The possibility of applying dynamic braking 

Referring to power-factor correction, the author properly calls 
attention to the fact that thé obtainable correction is not equal 
to the leading component of the synchronous motor but equal to 
the sum of the lagging eomponent of the replaced induction mo- 
tor and the leading component of the replacing synchronous 
motor. This isa fact which quite often seems to have been over- 
looked in considering the field of usefulness of synchronous motors. 


Referring more particularly to the contactor arrangement for 
obtaining the dynamic braking, the author states that the 
“voltage generated during braking is utilized to energize the lower 
magnet and hold the lower contacts together until the motor 
stops.’’ No reason is given by the author why the voltage and 

-not the current is‘used for this retaining action. I should 
think that in all possibility the decision was based on the following 
two points: 


1. Mechanieally, it is easier to arrange for a voltage coil than 
for a current coil. 


2. Under the conditions existing during the braking period, 


the magnetism produced by a voltage coil is nearly constant for . 


all speed conditions, while the magnetism produced by a current 
coil would decrease approximately proportionally with the de- 
creasing speed. 

It will be interesting to hear from Mr. Drake if these are tne 
reasons which governed him in deciding for a voltage coil. 


There are a few other questions which I should like to ask in 
this connection. A statement is made that, for maximum 
possible safety, the dynamic braking control should be ‘‘operated 
by gravity and not depend upon closing a contactor electrically.”’ 
It would be interesting to have this statement explained more in 
detail. It appears to me that an electrically operated contactor 
is just as safe as a contactor operated by gravity as long as elec- 
trie supply is in existence, but if the electric supply gives out, the 
dynamic braking effect fails no matter whether the contactor is 
operated by gravity or by electric means, because the possibility 
is very great that, with failure of the a-c. supply voltage, the d-c. 
supply voltage for exciting the synchronous motor also fails. 
Therefore, the braking effect in such an abnormal case would be 
zero no matter whether gravity or electric control is used for the 
contactor. : 

This reasoning assumes that the d-c. exciter is not directly 
connected to the synchronous motor, but is driven by an auxiliary 
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unit. From the photographs and oscillograms givén in the paper, 
it appears that this assumption is justified. 

The very short time required for bringing these mills to a rest 
by aid of this dynamic braking equipment is extremely interest- 
ing, especially in connection with the fact that the current values 
in the primary winding when braking are materially less than 
when starting under average conditions. Naturally this is 
readily explained, because in starting, the motor has to over- 
come the inertia torque plus the torque necessary to move the 
rubber through the mills, while during the braking period, the 
generator torque plus the torque to move the rubber through 
ithe millis equal to the inertia torque. It would be interesting to 
hear from Mr. Drake how often, under average working conditions, 
use is made of this dynamic braking equipment. It would seem 
that the number of braking periods during a day are so few 
and the time required for the actual braking so short that the 
braking conditions can be entirely neglected in selecting the 
frame size of the synchronous motor for a given horse power 
capacity. 

E. W. Pilgrim (communicated after adjournment): it is 
my belief that dynamic braking of synchronous motors is by far 
the best method of emergency stopping for this type of motor. 
Tests we have made check with the data submitted in Mr. 
Drakes’s paper and indicate that there are no severe strains 
imposed upon the motor or machine and I believe that this sys- 
tem whieh as far as I know is employed only in rubber mills, 
will become more or less the universal method in other industries, 

Stopping by dynamic braking is always of the same value} 
whereas stopping by means of mechanical brakes is not, due to 
the fact that the brakes are not always in perfect adjustment. 
There is a definite resistance value for stopping the motor in the 
shortest time, and by varying this resistance, the time can be 
lengthened. We have found from experiments that increasing 
the resistance will lengthen the time and also decreasing the 
resistance over this definite value will also increase the length of 
time required for stopping. 

I much prefer the automatic control as I believe that the me- 
chanical control does not include all the features that should be 
included, and is not nearly so fool-proof. With hand control, if 
the operator throws the starting compensator into the starting 
position and the motor does not start, he is very apt to pull the 
compensator back to the ‘‘off’’ position which will cause severe 
areing on the switch and perhaps its total destruction. The 
equipment should embrace a relay operated by the field current 
of the motor so that if the motor loses its field, it willstop. This 
would indicate to the operator that something was wrong and the 
trouble could be corrected. Otherwise,an emergency stop might 
be required when there is no field on the motor, in which ease 
the dynamic braking would not be affective. 


I do not think that it is absolutely necessary to operate the 
dynamic-braking contactors by gravity inasmuch as an electric- 
ally operated contactor functions fully as well and I ean see no 
objections to this type of contactor, but the control should have 
other safety relays for stopping the motor in ease of loss in field or 
loss in voltage. The chances that emergency stopping would be 
required at an instant when voltage fails, are very remote and I 
do not feel that it should be considered serious. 

Dynamic braking of synchronous motors will, no doubt, be 
used very extensively now that experiments conducted by various 
electrical manufacturers have proven its reliability. 

A. S. Rufsvold: The early synchronous motor dynamic 
braking installations described by Mr. Mortensen, are of con- 
siderable historical interest. Like any other electrical develop- 
ment, the scheme of control for dynamie braking has been con- 
siderably improved sinee it was first used. 

In explaining the oscillograph records which he presented, Mr. 
Mortensen stated that the time required for the operation of the 
control immediately preceding the braking action was ‘‘very 
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short.”” The length of this time interval is of vital importance, 
because during the preliminary functioning of the control, the 
motor is traveling at full speed. In the apparatus described by 
Mr. Drake, this time interval is reduced to a minimum value of 
about 1/20 see. by the use of a specially constructed contactor. 
This is an improvement over that type of control which depends 
upon the opening of one contactor and the closing of another by 
the use of relays, all of which takes up a considerable interval of 
time, and is less safe. 

Mr. Mortensen has asked what provision has been made in the 
control deseribed by Mr. Drake for dynamic braking during the 
starting period, before the excitation has been applied. On the 
latest type of control, this has been taken care of by arranging the 
control to automatically apply the excitation when a safety 
switch is opened during the starting period. 

Mr. Hoener mentioned the possibility of the failure of power 
at the same instant a man is caught in the mill rolls. Although 
this is an exceedingly remote possibility, yet it is a point which 
is considered by safety committees. In the control described by 
Mr. Drake, since the dynamic braking contactor operates by 
gravity, failure of the a-c. power would not interfere with its 
operation. Of course, the braking action depends upon main- 
taining the field excitation, but should the main plant circuit 
breaker open, there is sufficient energy stored in the rotating 
parts of the motor-generator set supplying the direct current to 
maintain excitation during the brief dynamic braking operation. 
This brings up the question of what would happen in ease a direct- 
connected exciter were used with the motor. On first thought it 
might be expected that no braking would be obtained, but tests 
have shown stopping distances quite comparable to those 
obtained by using separate excitation. 

C. W. Drake: Mr. Hoener, Mr. Jones and Mr. Weichsel 
seem to be under the impression that no dynamic braking is 
obtained if the a-c. supply fails. This may be true with some 
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types of control, but with the construction described, the failure 
of a-c. voltage automatically releases the upper contactors and 
the lower ones are closed by gravity. The d-c. field is maintained 
beeause any rotating d-c. machine, such as a motor-generator set 
or a synchronous converter, will, upon the failure of the a-e. 
supply, maintain its d-c. voltage for a sufficient length of time to 
give dynamic braking. 

Mr. Jones, in his mathematical discussion, indicates that the 
synchronous motor losses and friction may materially affect the 
results of the various equations. He also states that for a quick 
stop with no load, such calculations should be carefully checked. 
Tests made on the stopping of synchronous motors in the factory 
with no load whatsoever indicate that there is no tendency for the 
motors to coast or drift at low speed. Fig.6in Mr. Graham’s dis- 
cussion shows a retardation curve under such conditions and it 
will be readily appreciated that the addition of a gear unit and 
mill line will add friction which will still further tend to eliminate 
drift. 

Mr. Weichsel asks why a voltage, instead of a current coil, is 
used on the lower contactor for holding it closed during braking. 
The principal advantages of a voltage coil are as follows: 

1. Easier to wind and connect 

2. Fewer coil designs required to cover all applications 

%. Gives more nearly uniform pull, since the impressed 
voltage and frequency decrease in proportion 

Mr. Weichsel also questions the advantages of the gravity- 
operated contactor and quite definitely states there would be no 
braking in case of power failure. We have already explained why 
braking is obtained under these conditions and practise has 
provenit. Another advantage of the gravity-operated contactor 
is that any break in the control wiring immediately shuts down 
the mills, while if any circuit has to be made during the braking 
eycle, a failure in that wiring would remain unnoticed until it 
was required to operate. 
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Synopsis:—The paper gives some general statistics on plate-glass 
manufacture, and estimates that the present total electrical require- 
ments of the industry in the United States, are about 350,000,000 
kw-hr. per annum. 

About 60 per cent of this energy is purchased and is considered 
a very desirable load from the central station point of view, as 
the plants generally run almost continuously and shut down 
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A SEARCH of the TRANSACTIONS of the Institute 
for quite a number of years back fails to show any 

papers presented on this subject, or, in fact, the 
application of electric power in any way to the manu- 
facture of plate glass.. In consequence of this, it might 
be well to present to the Society the general magnitude 
of the business as it affects central stations; then go 
into details. 

It appears that the first attempt at plate-glass making 
_in the United States dates back to about 1850. Noth- 
ing came of this and, in fact, various companies were 
formed and failed. Until 1883 no company seemed to 
be successful commercially. From that time on, 
plants have been built in small numbers until, at the 
present time, there are about sixteen separate factories 
operating. 

In 1884 approximately one and one-half million 
square feet of glass were produced; now the American 
‘production is about one hundred million feet while 
approximately twenty-five million feet are imported. 


RAW MATERIALS AFFECTING PLANT LOCATION 

Large amounts of very high grade silica sand, natural 
gas or coal and considerable quantities of water are 
required in the business, and most of the plants are 
located in a rough rectangle with Pittsburgh, Buffalo, 
Chicago and St. Louis as the four corners. In nearly 
all of this territory the supply of natural gas was 
plentiful and as it was particularly desirable as com- 
pared with producer gas which is now generally used, 
and as the melting end of the manufacture required 
. about one-half of the total fuel used, a cheap and plenti- 
ful supply of natural gas largely dictated the location 
of the plant. 


PREVIOUS SOURCES OF POWER 


In the early plants most of the work was done by 
hand and most of the product was of relatively small 
dimensions. 


1. Pittsburgh Plate Glass Company, Pittsburgh, Pa. 
Presented at the Spring Convention of the A. I. E. E., 
St. Louis, Mo., April 13-17, 1926. 


Gradually, however, individual high-speed 


only a short time on Sundays, giving a very desirable load 
factor. 

The paper briefly describes the manufacturing processes, and 
shows the different operations requiring the application of power. 
Specifically, it describes the 110-kv. station built for the Crystal 
City plant. This is designed along very simple lines to take the 
place of an isolated plant. 


engines were used for the grinding and polishing 
processes, to be later supplanted by Corliss engines, 
driving line shafts, from which principal units were 
driven through friction clutches. This later develop- 
ment required that the machines be driven at constant 
speed and about this time a development in the ma- 
chinery itself made that feature possible. Line-shaft 
driving attained its maximum when 5000-h. p. engines 
were put in use. 

Natural- and producer-gas engines were the next 
development, driving generators, many of which were 
25-cycle, the principal units of the load being operated 
by means of belted motors. . Overhead cranes and in- 
dustrial locomotives were usually operated by 250 
volts d-c., obtained by smaller gas engines or motor- 
generator sets. 

TOTAL KILOWATT-HOUR REQUIRED 

The present total requirements of the industry 
probably call for something like 350,000,000 kw-hr. 
per annum in the United States and an increasing per- 
centage of this is being transferred to central station 
systems. At the present time, about 50 per cent of this 
is used in completely electrified plants and at least 60 
per cent of this energy is purchased. In several of the 


_larger plants, new power houses were built fifteen to 


twenty years ago and the normal depreciation of these 
plants has brought their life to an end within the last 
few years. So the question of changing over to central- 
station power has recently become a very important one.. 


LOAD FACTORS 

Plants usually run continuously, shutting down 
only from eight to sixteen hours on Sundays during 
which time maybe 15 or 20 per cent of average power is 
required for operating machine shops, pump houses, 
cranes and locomotives. The annual shut-down, due 
to the necessity of making certain repairs about the 
furnaces, may decrease the demand on the power sys- 
tem to 10 or 15 per cent for two or three weeks, but in 
the event that a stock of semi-finished glass is available, 
the machinery part of the plant may be continued in 
operation, which makes a very desirable load from the 
central station man’s point of view. 
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CENTRAL STATION POWER APFLIED TO PARTICULAR 
PLANT 


It so happens that at the present time one of the 
larger plants of the country, located within trans- 
mission distance of St. Louis,—namely, the Crystal 
City, Mo. plant of the Pittsburgh Plate Glass Com- 
pany,—is being changed over to central station power 
and, as certain features of this change-over may be of 
interest to electrical engineers, this paper is prepared 
to make such information available. 

In order to give a clearer understanding of the 
detailed application of power, we might describe briefly 
the process of plate glass manufacturing. 


DETAIL OF MANUFACTURING PROCESS 


The raw materials are chiefly a high grade silica sand, 
soda ash, limestone, together with a very srnall amount 
of sodium sulphate charcoal and arsenious oxide. 
The proper mixture of this raw material in a perfectly 
dry state is accomplished in a manner similar to that 
used with concrete. It is placed in fire-clay. pots, which 
are, in turn, placed in the equivalent of an open-hearth 
furnace. The temperature is gradually raised until 
melting is complete. This is followed by a few hours of 
refining, after which the furnace is allowed to cool down 
so that the glass attains the consistency of ‘‘cold 
molasses.”’ The pot is then removed from the furnace 
by an overhead crane and dumped on a water-cooled 
cast-iron table, somewhat larger than the largest plate 
desired to make. This is done by means of a special 
crane giving a motion to the pot very similar to a mason 
placing a trowelful of mortar on the brick.. 

A water-cooled cast-iron roller is then rolled over the 
hot glass, the thickness: of the finished sheet being 
determined by flat strips of metal put under the ends 
of the roller... After the plate is cooled sufficiently to 
be capable of being pushed by its cold edge, it is forced 
into an annealing oven and is, by various mechani- 
cal methods, moved through a series of annealing 
ovens so that eventually it comes out at atmospheric 
temperature. 

The “rough glass,’ approximately 1% in. thick, 1 
roughly examined and cut in such a way as to remove 
‘defects, and stocked. 

The next part of the cycle consists of grinding and 
polishing. The first step is to secure a sheet of rough 
glass to the approximately true top of a circular table 
which, when placed in the grinding or polishing ma- 
chine, is in effect the same as a table of a boring mill. 
This attaching of the glass to the table is done by 
plaster of Paris so that but little time is consumed and 
yet the attachment is not so good but that it can 
later be quite easily separated. 

Referring to illustration, Fig. 1, which is a vertical 
cross-section taken through the grinding or polishing 
machine, it will be seen that the table which is provided 
with four wheels to operate on a system of tracks around 
the works, is supported by and revolves with the circular 
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casting at the top of the large shaft, which casting at 
all times remains secured to the shaft. It is evident 
that relative vertical motion of some part of the 
machine is necessary to place the table on the “spider” 
and this is usually accomplished in either one of two 
ways: 

First, the tracks over the machine may be lowered by 
hydraulic jacks or equivalent, so that the table comes 
down on top of and rests on the spider, the rails going 
downward a sufficient amount to clear the wheel 
flanges: Second, the rails may be kept permanently in 
position and the shaft, together with the spider on the 
top, may be raised by a hydraulic jack until it lifts the 
table from the rails. 

‘In the plant in question the last method is the one in 
use and the hydraulic jack at the bottom of the shaft, 


Fig. 1—GENERAL Cross-SECTION, GRINDING AND POLISHING 


MAcHINE 


together with a safety lock or wedge, is introduced . 
after the operation is completed, is shown at the bottom 
of the pit. 

Grinding is accomplished with sand and water ap- 
plied between the glass and iron blocks. These blocks 
are usually secured to disks, two or more of which are in 
contact with the top of the glass, with axes parallel but 
not in line with the main shaft. It is evident that 
rotation of the table produces a torque on these ‘‘run- 
ners,’’ which revolve freely in their bearings, and pick 
up a speed intermediate to the table. 

After coarse grades of sand have been applied, 
finer grades are usually followed by several grades of 
emery until the glass is as smooth as it is possible to 
make it. The table is then stopped, removed from the 
spider, transterred to another machine which is similar . 
so far as the driving mechanism is concerned, but 
having in place of the cast iron blocks, pieces of felt 
saturated with iron oxide—‘“‘rouge’’—and the glass is 
thus brought to a polish by the operation of the 
machine. 

After one side of the glass is ground and polished, it is 
necessary to turn the plates over, bed them in plaster 


again, and repeat the cycle, after which the glass is 


removed from the table, washed with acid to remove 
the plaster, and, when dry, cut up into desired sizes 
and placed in stock. 
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In considering the application of electric power to the 
complete process of manufacture, we might first give 
consideration to the handling of the raw material. 
This is a proposition for handling raw material in which 
the usual methods are used and the only thing to be 
considered in applying a motor relates to the fact that 
the principal component, dry sand, is very highly abra- 
sive. The other components, being alkaline, will 
attack certain parts of the equipment, particularly in 
the presence of moisture, and as a final item to look out 
for it is necessary to use every precaution to keep stray 
iron out of the batch material, which calls more or less 
for the use of magnetic separators,—usually pulleys. 

The manufacture of the clay pots and other large 
amounts of fire-clay products is more or less similar to 
brick manufacture except that the clays are in a greater 
state of purity and must be kept so, and must be far 
more thoroughly mixed. The machinery consists of 
extra long pug millsin which the clay is mixed with water 
to the proper consistency, with rock crushers to crush up 
the raw clay, as well as fragments of previously burned 
clay, and chaser mills which grind the mixture of the 
different clays into powder. 

Induction motors seem to be the proper driving 
medium and gear boxes, or similar devices taking up as 
little room as possible and closed against the entrance of 
dust, should be the connecting medium. As most of 
these machines either start up under load regularly or 
accidentally, they should be provided with slip-ring 
or double-wound rotor motors, 40- or 50-h. p. motors 
being about the limit as to size. 

The entire melting or manufacture of the rough 
glass does not represent any features of interest to the 

electrical man, except in one or two small details. One 

of these is the “teeming crane” that pours the pots on 
the casting table. This teeming crane must move 
horizontally not more than twenty feet in two seconds, 
starting and stopping within this distance; and the 
motion must be combined with the pouring motion 
which occupies even less distance in this period. This 
power problem is usually met by applying a direct- 
current crane, or better still, mill motors and control 
that has practically no current or time limits. 

The other item of interest is the considerable number 
of electric pyrometers required to follow the tempera- 
ture of the glass throughout the various parts of the cycle. 

The grinding and polishing part of the manufacturing 
process is the largest and by far the most important 
application of power as these machines consume up- 
wards of 85 per cent of the entire power requirements. 
They also require the largest motors and are usually 
the only drives outside the ordinary daily applications. 


CONSIDERATION OF MAIN DRIVE 


In the plant under consideration, 36-ft. tables are in 
use, a well-recognized maximum general size at many 
of the larger plants; and this size table requires up- 
wards of 700 h. p. for the polishers, the speed of rota- 
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tion being somewhere from 10 to 15 rev. per min., and 
the grinders require upwards of 500 h. p. at approxi- 
mately double these speeds. We, therefore, have the 
problem of applying electric power to a vertical shaft 
running at very low speeds, and of course the first 
scheme would be a direct motor application. There are 
no examples of this kiridof-drive in use but it has com- 
mercial possibility. 

The next solution is using a higher speed motor with a 
single gear reduction; if the machine in general is of the 
type in which the rails are lowered to permit the revolu- 
tion of the table, then the high-speed shaft may be con- 
nected to the low-speed by either bevel gears, when the 
shaft would be horizontal, or, if the machine is of a type 
with fixed rails and the main shaft requires to be raised 
and lowered to permit the revolution of the table, then 
bevel gears are impossible and a high-speed vertical 
shaft with spur gears is necessary. With ordinary 
gear ratios, this: will give a vertical shaft speed of 
somewhere from 50 to 150 revolutions and a vertical 
motor can be considered, as in the installation which 
we are describing. 

The third scheme would be to apply bevel gears to the 
high-speed vertical shaft and on the horizontal shaft 
revolving at, say, 200 or more revolutions, the motor 
could be direct connected. Machines of this type are 
in successful operation. 

Another scheme is to use a belted motor driving the 
last mentioned horizontal shaft, when, due to the motor 
being belted there are no particular limits as to the 
motor speed required. This last plan has been in use 
in this plant for some fifteen years and is in fact in 
quite general use in all plants. 

In changing over this plant from 25 cycles produced 
locally to the 60-cycle central station power, (the 25- 
cycle system having been installed something over 
fifteen years ago) it was particularly necessary to con- 
sider the use of new motors rather than the use of the 
old motors with a frequency changer. This being the 
case, any type of motor could be selected; but due to 
mechanical troubles with belts, pulleys, bearings and 
bevel gears, which originally were designed for 300 and 
500 h. p. but now with improved methods of manu- 
facture, were loaded to peaks of 500 and 700 h. p., it was 
considered necessary to use a drive which would elim- 
inate all bevel gears and belting. This decision re- 
duced the methods of driving to the first two mentioned. 

It is needless to point out that a motor revolving at 
10 revolutions is a very large and expensive machine 
and nearly impossible at 60 cycles, although quite 
practical with the aid of a lower number of cycles and a 
frequency changer. Some of the saving due to a motor 
of this kind would be the reduction in size of the large 
pits required under the machines, formerly necessary to 
house the belted motors and various arrangements of 
gearings. Such a saving, however, could not be ob-. 
tained except in a new plant designed particularly for 
motors of this kind and as it would also involve the 


570 HARRINGTON: PLATE GLASS MANUFACTURE 


complete redesigning and rebuilding of the machine 
itself, it would mean a large loss in production; the 
machine being in use 144 hours per week. It was, 
therefore considered unfit for this case. 

The second scheme of the vertical motor revolving 
at somewhere between 50 and 150 revolutions was 
found to be very satisfactory, if synchronous motors 
were used, both from an efficiency and a financial point 
of view. 

Following is the problem which the motor manu- 
facturers were called upon to meet: 

Motors were to be three-phase, 60-cycle, 2200-volt, 
one rated 700 h. p. at 68 revolutions, and the other 
500-h. p. at 106 revolutions; temperature rise being 
50 deg. cent. and continuously loaded. Mechanic- 
ally the motors were required to fit present pits and, 
specifically, not to exceed a certain diameter, approxi- 
mately 15 ft. on account of their striking the main 
shaft or necessitating excessive cutting away of the 
concrete pillars supporting the upper part of the ma- 
chinery. The stators were to overhang the pit without 
support. One bottom combined guide and thrust 
bearing was called for, this to be attached in the sim- 
plest possible manner to what remained of the concrete 


Fic. 2—Cross-SecTion, SyNcHRoNovus Motor ror POLiIsHING 
MAcHINE 


after the block supporting the vertical shaft had been 
cut off to a level with the floor. The motors would be 
synchronous with 250-volt external excitation, self- 
starting and, when thrown directly across the line, 
were to develop sufficient torque to start. Due to the 
load at this plant being practically 95 per cent syn- 
chronous, unity power factor only was required. 
Referring to the illustration, in Fig. 1, may be seen 
the manner in which the above specifications were 
carried out. The tooth reaction on the large motor is 
on the order of 45,000 pounds, which required the use of 
an 18-in. shaft to avoid excessive deflection causing un- 
satisfactory operation of the pinion and gear, or pos- 
sible rubbing in the gap. The shaft is in two pieces, 
the idea being that pinion trouble, which has occurred 
in the past, could be quickly overcome by removing the 
top half of the shaft. The stator frame (Fig. 2) was 
made sufficiently deep to act as a girder in a vertical 
direction to take care of the overhang. The thrust 
bearing of the spring type (Fig. 3), was set upon a 
sole plate imbedded in the concrete floor, with arrange- 
ments to shift the bearing sideways and allow a lining- 
up of the gear teeth and similar arrangements provided 
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on the stator frame to adjust the air-gap. The result- 
ant side-pull at the bottom of the shaft due to reaction 
at the pinion, while not great because of the relative 
ratio of the lever arms, was, nevertheless, a consider- 
able amount to be added to by variations in air-gap, 
and this side thrust was brought quite low on the 
bearing due to the fact that the thrust bearing is 
vertically rather thin. 

The rotor spokes were made in umbrella type, bring- 


Fic. 3—ENuLARGED ViEws OF BEARING oF Motor SHOWN IN 
Fie. 2 


ing the center line of the active part of the motor down 
nearer the floor and quite close to the center of the 
lower bearing, the effect of this being that even consid- 
erable wear of the upper bearing would not cause any 
material change in the air-gap. 

It will be seen from Fig. 3 that by taking the front 
plate off the bearing and raising the shaft slightly by 
means of jacks under the rotor rim, the bearing plates 
can if necessary, be very quickly removed and replaced. 
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These motors have been unusually successful in 
operation being put into regular continuous service 
within an hour or two after first being started. They 
show very high efficiency in spite of the low speed, the 
700 h. p. being 92.3 per cent and 92.8 per cent for the 
500 h.p. The motors are thrown directly across the 
line by means of a special contactor which is designed 
to have approximately 15,000-amperes rupturing capac- 
ity in the event of a short circuit; but this is sufficiently 
rapid in operation to permit of a jogging motion being 
given, so that the table may be slightly turned to bring 
the wheels above the track. The field is automatically 
closed by a definite time limit relay, set at something 
less than thirty seconds and put into operation by the 
throwing on of the stator current. The starting 
current, while not a limiting feature, is quite satis- 
factory, being less than the guaranteed 280 per cent of 
normal for the 700 h. p. and 250 per cent for the 500 h. p. 

In conclusion, it might be stated that we are unable to 
locate any similar slow speed vertically geared syn- 
chronous motors in the United States, and that ap- 
parently those described herein are unique in several 
particulars. 

' H1GH-TENSION SUBSTATION 

With reference to the central station power supply, 
the Union Electric Light and Power Company, of St. 
Louis, has built a double-circuit steel tower line, op- 
erating at approximately 115,000 volts from the Cahoka 
Power Plant to Crystal City, a transmission distance of 
34 miles. 

The power being purchased at 110,000 volts, the glass 
plant was required to build a complete receiving and 
transforming substation and other parts of the system 
‘required to receive this power from either or both of 
the transmission lines, the step-down transformer banks 
to be considered as a unit with the line. In other 
words, there were no cross connections. 

The high-tension oil switches were required to have 


upwards of a million and a half-kv-a. rupturing capacity | 


and their bushings, as well as the transformer bushings, 
were required to have at least leakage surface equivalent 
to that supplied on 132,000-volt equipment, because 
of the prevalence of coal smoke and similar dirty con- 
ditions of the atmosphere. The power factor of the 
load had to be above a certain amount, but this was 
more than met in that the bulk of the load consisted of 
synchronous apparatus. a 

From the consumers’ viewpoint, in designing the 
high-tension substation the problem was presented of 
locating the station on a limited piece of ground ad- 
jacent to other high buildings and railroad tracks, 
compelling the transmission line to make a span of over 
1600 feet across a number of the railroad yards of the 
company on which locomotive cranes were in constant 
use. This requirement in itself forced the use of a dead- 
ending tower approximately 185 ft. above the ground. 

The peak load of the plant, amounting to 7500 kw. or 
more, together with some possible extensions, called for 
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the consideration of 10,000 kv-a. banks. With these 
fundamental requirements in view, the substation 
shown in Fig. 4, was designed and built. 

It will be seen that the two transmission lines are 
dead-ended on the upper platform of the tower and the 
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Fie. 3 a—Hicu-TENSION TRANSFORMER, WITH Four-Row 


TuBULAR TANK 
wires are 20 feet apart. The circuit is then carried 
through motor-operated pole top switches having a 
single break six ft. long. The circuit continues down 
the inside of each of the outside sections of the tower, 
the wires being eight ft. apart, and having some five- 
ft. clearance to ground, supported at the upper end by 
strain disks, and at the lower end by a rigid insulator 


Fie. 4—Virew or 110-Kv., 20,000-Kw. Susstation 


hinged on the steelwork of the tower to swing in a 
vertical direction and clamped to the wire on the out- 
side end. A weight of approximately a thousand 
pounds is attached to the head of the insulator, to put suf- 
ficient tension in the vertical wire to prevent side motion. 
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Running through the base of the tower are two 
standard gage tracks, on one of which are two 130,000- 
volt oil switches and on the other: two 10,000-kw. 
three-phase, circular-coil core type transformers, pro- 
vided with conservators and two-in. tubes for cooling. 
It will be noticed that the line side of the oil switch is 
within a few feet of the steadying insulator before 
mentioned, the relative arrangement being such that if 
the line should burn off at the upper end, the insulator 
and the weight are expected to swing downward and 
thus prevent damage to the oil-switch bushing. The 
oil switch and the transformer are as close together as 
possible so that no high-tension insulators are required 
between the two. The 2300-volt secondaries are 
connected to the leads going into the building by short 
lengths of flexible cable. 

The central part of the tower, approximately 28 ft. 
square and 50 ft. high, constitutes the repair shed. 
Roll-up doors, 20 ft. wide and 23 ft. high, admit both 
the oil switch and the transformer to the building, 
where a 25-ton trolley of the standard type used on 
overhead cranes, operates on a fixed track at right 
angles to the transformer track. This crane is provided 
with a motor for the lift and hand motion for the cross 
travel. The lifting speed is approximately two feet per 
minute, which is very handy for transformer repair work. 

The outstanding points of the high-tension part of the 
substation lie in the fact that only twelve high-tension 
insulators are in use outside of the apparatus bushings; 
20,000 kw. with switching and repair facilities is lo- 
cated on approximately 2000 sq. ft. of ground; and 
the transformers, we understand, are the largest, or 
among the largest, provided with tubes, that have 
ever been shipped filled with oil. 

The low-tension part of the substation is a two-story 
building on the second floor of which is the 2300-volt 
bus structure consisting of the usual concrete and brick 
arrangements, with disconnecting switches connected to 
the H-type oil switches, arranged along each side of the 
building by one-quarter by four bars run under the 
removable steel floor and above the four in. concrete 
ceiling. On the first floor, two 1200-kw. motor genera- 
tors, with space for a third, are installed. 

Along one entire side of the building is the remote 
control a-c. and the hand-operated d-c. switchboard of 
the usual design. A mezzanine floor located back of 
the panels and slightly above them, is provided to give 
access to the outgoing disconnecting switches and to 
cover part of the control conduit. There is also a 
partition wall running from the top of the switchboard 
panels to the ceiling which contains the balance of the 
control conduit and also protects the balance of the 
station in the event of a cable pothead or a current 
transformer blowing up. At the top of the panels is 
located a pull box, about 4 in. by 12 in. and extending 
the entire length. 

In this connection it will be seen that considerable 


expense has been incurred to place barriers throughout 
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the low-tension busbar system, as it was considered 
that short circuits of about 250,000 kv-a. might occur. 

The outgoing a-c. feeders, in three-conductor leaded 
cable, go down the side of the building from above the 
mezzanine floor and, in fiber ducts encased in concrete, 
into the pit underneath the switchboard. The d-c., 
cables of the same general description enter the ducts on 
the other side of this pit immediately under the switch- 
board panels. 


SUBSTATION EQUIPMENT 


High-tension disconnecting switches: 
2—L G 119—154 kv. on 185-kv. insulators, motor 
operated. 
High-tension oil switches: 
2—F H K O—72 C—135,000-volt, AQtkauaedes 
solenoid operated. 
High-tension transformers: 
2—Type H. circular coil 10,000-kv-a.—110,000- 
2300-volt, three-phase, 60-cycles, air-cooled 
by 2 in. tubes, with conservators. 
High-tension oil storage and treating system: 
2—12,000 gal. 
1—7 in. filter press. 
High-tension repair shop: 
1—25-ton crane. 
Low-tension oil switches: 
2—3000 amperes, 15,000 volt. 
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Type H-206 and 2038. 
6—Motor-generator starting switches,—F. K. 
132-A & B. 
Bus insulators, 15,000 volt, heavy duty. 
Motor generators: 
2—1200-kw. 250-volt, with synchronous motors. 
Switchboard: 
12—A-c. remote control ae 
21—D-c., manual. 


Above welaotite equipment by General Electric 
Company, 
Substation peak, 10,000 kw. annual_ kw-hr., 
50,000,000. 
Plant Equipment: 
8—700-h. p. synchronous motors, G. E. Co. , 
8—500-h. p. synchronous motors, Gi: Cows 


1—500-h. p. synchronous motors for air com- 

pressors, G. E. Co. 
Control for above. 

675-h. p. induction motors—for pumps—G. E. 
Co. 

950-h. p. motors various uses, 

500-motors, (approx) 250-volt, d-c. 
other uses. 
500-kw. total lighting transformer. 

Main distributing system—7 miles 3-conductor 
lead cable mostly underground. 


for all 
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Discussion 


C. W. Fick (communicated after adjournment): Mr. 
Harrington’s very interesting paper may raise the question of 
why this arrangement of vertical synchronous-motor drive is not 
universally adopted by the plate-glass manufacturers. There 
are some twenty plate-glass plants in this country with a total of 
100 to 125 grinding and polishing machines. Of this number a 
majority must operate for a short time at slow speed at the be- 
ginning of each operating cycle, due to the method of lowering the 
grinder and polishing disks onto the glass. Thus, the synchronous 
motor is eliminated for these cases, unless a frequency changer 
and double bus arrangement is used. 

A wound-rotor induction motor arranged as were the synchro- 
nous motors deseribed by Mr. Harrington would have a power 
factor of between 65 and 68 per cent and would be more costly 
and require more control equipment. 

However, there is no reason why the belts and ropes which are 
at present used on perhaps 75 per cent of these tables, cannot be 
eliminated by the use of horizontal slip-ring motors (as new 
motors are required) of 200 to 250 rev. per min. coupled to the 
bevel-gear shaft, with a saving of maintenance and power, and 
in some eases of first cost. 
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A. L. Harrington: The question has been asked why high- 
tension lightning arresters have been omitted from this substa- 
tion. It was our privilege to be connected with a power system 
having some of the earliest outdoor substations. This system 
was in a locality subject to lightning any day of the year. Al- 
though the original main and substations were equipped with 
arresters, business increased so rapidly that it came about that 
transformers (in some cases) were on hand for new customers but 
no lghtning arresters. A comparison was then available 
between protected and unprotected stations. Such failures as 
were experienced were never from line to ground but rather 
from turn to turn or coil to coil in the transformer. Much 
evidence was present to show that the dangerous disturbances 
were often of low potential but high frequency. In many 
cases results did not seem to justify the cost of lightning 
arresters. 


With the greatly improved design of some modern transformers, 
we feel that they do not need the assistance of arresters. Re- 


‘cently these conclusions have been proven true in the Pittsburgh 


territory, but at a lower voltage than the substation under 
discussion. It is possible to add arresters to this job later if 
conditions of actual service seem to warrant them. 


Sleet and Ice Troubles on ‘Transmission Lines 
in New England 


C. R. OLIVER! 


Associate, A. I. E. E. 


Synopsis.—This paper deals with the troubles one of the large 
power companies in New England has encountered from sleet and 
ice on transmission lines. The experience of this company should 
bring home to the transmission line designer the fact that in certain 
parts of the country sleet is a very serious problem and should be 


NTIL recent years, New England was not thought 
of as a section of country particularly susceptible 
to sleet; in fact, no serious trouble had been 


experienced by any of the communication or power 


companies before the storms of recent years, and out- 
side of the usual one-half inch of ice and 8-lb. wind 
pressure, no particular attention was given by the 
designing engineer to the possibility of trouble from 
this source, either in the tower or in the conductor. 
Our recent experience has convinced us that there is 
no single tower line in New England built before 1922 
that would stand up under the excessive loads that 
they may be called upon to carry. The only reason 
that any of them are standing today is that they have 
been fortunate enough to escape the sleet. 


THE NEW ENGLAND COMPANY POWER SYSTEM 


In describing the sleet troubles, the author will 
confine himself to those experienced by the New Eng- 
land Company Power System lines, with which he is 
most familiar. 

This system, with its connections, extends from the 
New York State line across the State of Massachusetts 
to Boston, down into Rhode Island to Providence, and 
across to Fall River. In the northern section it 
extends half-way through Vermont, into New Hamp- 
shire and across the State of Connecticut to New 
London and Stafford Springs. Its main trunk lines 
are towers built in 1908 to 1914. Within recent years 
wooden. pole lines have been constructed instead of 
tower lines. All of these lines operate at 66,000 volts. 
Last year a new double-circuit tower line was com- 
pleted, 75 miles long across the center of Massachu- 
setts, designed to operate at 110,000 volts. There are 
240 miles of 66,000-volt, double-circuit tower line; 
70 miles of 66,000-volt, double-circuit pole line; 275 
miles of 66,000-volt, single-circuit, pole line; 75 miles 
of 110,000-volt, double-circuit, tower line, and approxi- 
mately 75 miles of 22,000- and 13,000-volt feeder lines. 

TROUBLE OF 1916 

The first serious trouble on the system, due to sleet, 

came on December 22, 1916, on the tower line that 


1. Assistant General Manager, New England Power Co., 
Worcester, Mass. 

Presented at the Regional Meeting of the A. I. E. E., Swampscott, 
Mass., May 7, 1926. 
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taken into account in designing all new transmission lines. It also 
shows the necessity for looking over the existing transmission systems 
with a view to providing some quick and easy method of thawing 
sleet from the lines already constructed. 


* * * * * 


connects the station near Hoosac Tunnel, Massachu- 
setts, with the substation at North Adams, Massachu- 
setts. This line was built in 1918, and consists entirely 
of 75-ft. standard square towers weighing approxi- 
mately 5000 lb. each, with two circuits of No. 1 copper 
conductor, each circuit being arranged in a vertical 
plane, and with a ground wire at the peak of the towers. 
It is only 8.3 miles long, but in this length it crosses a 
section of country varying in elevation from 1000 to 
2300 ft. above sea level. During the first winter of 
service on this line it was observed that quite fre- 
quently a slight sleet formation took place on the wires, 
and the engineers of the company thought that the 
No. 1 copper was too light to carry the sleet load. 
In the following summer, the No. 1 copper on 
five towers over the highest peak was replaced with 
3%-in. crucible steel conductors, and all of the towers 
over this peak were dead-ended. 


This decision was very unwise, for two years later, 
in 1916, this section of the country was visited by a. 
very heavy sleet storm, and ice of three to four inch 
diameter was sticking to the wires. All five of 
these towers on which the heavier conductors had been 
installed were completely wrecked. This failure oc- 
curred without a single break in the conductor, showing 
conclusively that had the towers been designed for the 
stronger conductor, no interruption would have 
occurred. 


Only temporary repairs could be made, using low 
wooden structures, as the whole mountain side was 
frozen and covered with glare ice.. Later, in the sum- 
mer, the wooden structures were replaced with ten 
low towers, placing’ all wires in a horizontal plane. 
These towers were designed to withstand the sleet 
and wind loads for this section, and since their instal- 
lation no trouble in this particular section has been 
experienced, although there have been some very 
heavy sleet storms on this line. 

Fig. 1 shows the replacement towers which have 
been very satisfactory. 


TROUBLE OF NOVEMBER, 1920 


During Thanksgiving week of 1920 another sleet 
storm swept over this line, affecting a four-mile section 
varying in elevation from 1500 to 2300 ft. The sleet was 
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again three and one-half in. to four in. thick, and although 
there was no tower failure, there were many span-wires 
broken; so many in fact, that later in the summer this 
whole section had to be resagged. The storm lasted 
five days and no headway could be made toward getting 
the line back into service, for as fast as breaks were 
repaired in one section trouble would develop in other 
spans. In desperation some 23800/220-volt trans- 
formers were borrowed from one of the manufacturers 
and, by a temporary connection, were so arranged 
that it was possible to secure approximately 6000 volts; 
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1—A Srcrion or tHe Linge SHOWING TYPE OF 
REPLACEMENT TOWERS 


HIre: 


and with this pressure, using about 300 amperes, the 
sleet was cleared from the line by heat. During all 
this time the customers supplied from the North Adams 
substation were without power. 

After the storm a careful examination of the line 
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TROUBLE IN 1921 


The most disastrous sleet storm on record in this 
section of the country started December 28, 1921. 
There was a steady, drizzling rain for three days 
with a temperature of around 32 deg. fahr. This 
froze as soon as it’ struck, thus accumulating 
ice three and four inches in diameter on wires, 
towers and trees. There was also a wind of about 
thirty miles an hour accompanying this storm, which 
appeared to have three distinct paths; one across 
the mountains between Shelbourne Falls and North 
Adams, one in the hills between Leverett and Ware, 
and one from Gardner east to the coast, the storm 
being heaviest within a 30-mi. radius of the city of 
Worcester, Massachusetts. Downthe Connecticut Val- 
ley and in other sections of the system there was snow 
and very little damage to power and lines of com- 
munication. On the mountainsaround Hoosac Tunnel, 
where for years there had been so much trouble from 
sleet, the ice was just as heavy as in previous years 
but during this whole time service was maintained on 


' two circuits 66,000-volt tower line without interrup- 


tion. Thiswasdue entirely tothe sleet-thawing method 
previously worked out. The telephone trunk-line over 
this mountain had, in early years, successfully with- 


stood the sleet but was now completely wiped out. 


Lines affected in the company system were as follows: 


1. Over 55 miles of double-circuit, 2/0 copper on 
75-ft., square towers, weighing approximately 5000 
lb. each, with the wires in a vertical plane and the 
ground wire at the peak: This line was built in 1913- 
1914 and extends from Shelbourne Falls to Millbury 
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Fig. 2—Proritz or Nos. 9-10 Lines rrom No. 5 Station TO ADAMS SUBSTATION 


showed no signs of any of the towers being overstressed, 
nor were the wires stretched beyond their elastic limit. 
The only apparent damage was the broken conductors 
due to the overloading of the ice. 

Fig. 2 shows the profile of the line from Hoosac 
Tunnel station to Adams substation, and the extent 
of ice trouble is indicated by the shaded part of the line. 


and Pawtucket. There were 69 tower failures, five 
towers with broken peaks and four with damaged 
crossarms. The tower failures consisted of broken 
masts, crippled legs, broken crossarms, damaged foot- 
ings, both in tension and compression, and a number of 
towers was completely wrecked. 

Approximately 75 per cent of the damage was at 
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dead-end points, and in addition to the tower failures, 
there were many hundreds of broken spans on both 
power and ground wires. 

Temporary repairs were made by building a 66,000- 
volt, single-circuit pole line along the edge of the right 
of way, and later, the good parts of the damaged towers 


were salvaged, the towers being replaced with new 


material purchased. 

2. Over 40 miles of double-circuit, No. 2/0 and No. 2 
copper line, with bayonet type towers, 50 ft. high, with 
pins, insulators and wires arranged in a triangular 
position: This line was constructed in 1908 and extends 
from Vernon, Vermont, to Worcester, Massachusetts, 
and all towers had been designed to break the con- 
ductor. Only three towers failed on this line, two 
being at angle points of ovér 45.deg., and the third 
tower was pulled down by the failure of the other two. 
Between Worcester and Gardner there were many 
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Fic. 3—ENcLosurEs SHow Sections Most Smeriousty 
AFFECTED BY SLEET 


hundreds of broken spans, and damaged insulators and 
pins. 

3. Over ten ie of “A” frame, double-circuit 
tower line with No. 2 copper in a vertical plane and 
Y-in., copper-clad ground wire at the peak of thetower: 
This line passes around the city of Worcester on a 
very crooked right of way,. with many large angles. 
Among the ‘‘A”’ frames were mixed a few 75-ft., square 
towers at heavy angles and guyed to take the expected 
loading. Due to the excessive sleet loading, however, 
some of the angle towers gave way and 78 towers were 
completely wrecked. On the remaining towers a num- 
ber of span wires were broken and the whole line was 
so completely wrecked that it was necessary to replace 
all of the damaged towers with two-pole structures. 

4. Over 50 miles of wooden pole line with wishbone 
crossarms and suspension insulators: These poles were 
substantially guyed and double-pole construction used 
on all dead-end points. Four or five crossarms were 
broken and a number of poles was thrown out of the 
line, but there were no broken poles; there were also a 
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few broken conductor spans of No. 2 copper, but it was 
a comparatively easy job to put these pole lines back 
in service. 

5. In addition to the high-tension trouble, there 
were many miles of -13,000- and 22,000- volt feeder 
lines running along city streets carrying No. 2/0 
copper and smaller. There were many broken span 
wires, but this was caused primarily by the trees, over- 
loaded with ice, falling on the feeder lines and carrying 
them down. ‘There was very little pole damage, and 
these lines were quickly put back into service as soon as 
the sleet was cleared. 

Fig. 3 shows the area most affected by sleet during 
this storm. 


TROUBLES OF MARCH, 1924 


On the 11th of March, 1924, during a heavy snow- 
storm, the system began to experience trouble in the 
southern section, centering around Worcester and 
Providence. The wet snow packed around the insu- 
lators and stuck to the wires. By night it became so 
serious that Millbury, Mass., and Woonsocket 
and Warren, R. I., substations were completely 
isolated from the system. The storm centered in 
Rhode Island, and its effect on the balance of the system 
around Worcester was not so serious. 


‘The trouble was caused by the very wet snow, sticking 
to the wires and towers, becoming solidified due to a 
drop in the temperature and this combination of snow 
load and a 60-mile wind completed the damage. 
In Rhode Island, snow accumulated to a diameter of 
four inches and actual measurements showed that it: 
weighed 48 lb. per cubic foot. Around Worcester the 
snow was not so wet, and although the snowfall there 
was greater, the accumulation on the wires was much 
less. On lines north of Worcester there were very few 
broken spans on any of the circuits, and these circuits 
were all back in condition within a short while. 


Between Worcester and Pawtucket, R. I., a distance 
of thirty miles, there were 36 broken span wires, 21 of 
them occuring in the last ten miles; but there was no 
structure damage. All of the towers in this section 
were standard 75-ft. square towers, weighing approxi- 
mately 5000 Ib., with the wires in a vertical plane. 


The heaviest damage centered around Providence 
and on the transmission line to Fall River, (16.5 miles), 
94 out of a total of 147 towers were damaged. This 
damage varied from broken masts to completely 
wrecked structures. The line consisted of 75-ft. 
standard square towers with the wires in the vertical 
plane and weighing about 3500 lb. Being lighter than 
the other 75-ft. towers on the system, the effect of the 
storm on these was much more disastrous. 'Temporary 
repairs were made by building a double-circuit, 
wooden-pole line along the edge of the right of way. 


Figs. 4 and 5 show typical tower failures, illustrating 
how completely the towers were wrecked, and Fig. 6 
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is a photo of solidified snow on the wire, four inches in 
diameter. 

An interesting thing developed during this storm; 
a 66,000-volt, double-pole, double circuit of No. 2/0 
copper, wooden pole line with all wires in a horizontal 
plane runs around the north side of Pawtucket to East 
Providence. This pole line for quite a distance is on 
an adjacent right of way with a standard 75-ft. tower 
line. The ten miles of wooden pole line came through 
the storm with only three broken conductors and a few 
unhooked insulator strings, while the tower line had 
several towers completely wrecked and a great many 
broken span wires. One of these towers, due to the 
heavy load of ice, fell across the pole line and caused 
one of the above mentioned broken spans. The pole 
line had no broken or damaged structures and was put 
back in condition in one day’s time. 


Fies. 4-5—Tower FatLtures 


Fig. 7 is a photograph of the 75-ft. tower which, in 
falling, put the wooden-pole line out of service. 


SLEET THAWING 


The first experience of sleet thawing on the company’s 
system was during the storm of 1920. The lines were 
cleared of ice in western Massachusetts by using a group 
of 2300/220-volt transformers connected in series and 


paralleled, to secure from 6000 to 8000 volts at 300 . 


amperes. This was only a temporary connection made 
up after six days of ineffective work trying to clear the 
lines, and much to the surprise of all it worked amazingly 
well. These were retained in the plant during the 
remainder of the winter. 
provide the Hoosac Tunnel Station with permanent 
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means of thawing the ice from the two No. 1 copper 
lines running over the mountain to North Adams, eight 
miles, and the two No. 1 circuits running over the 
mountains to Shelbourne Falls—14 miles. Equip- 
ment in this station consisted of two 11,000-volt, 25- 
cycle generators, and two 2800-volt, 60-cycle genera- 
tors; five 3000-kv-a., three-phase, 66,000- to 2300-volt 
transformers. 

From many tests made in the field, it was evident 


Fic. 6—So.ipiri—D-SNOW-COVERED CABLE 


that from 250 to 300 amperes at 6600 to 8000 volts 
would be required to clear in an hour the No. 1 copper 
of sleet. The engineers of the company were in 
favor of providing a separate auto-transformer for 
this service only, but on receiving the proposal from 
the manufacturers, the proposition was abandoned as 
too excessive in cost. Further study was made and 
it was finally discovered that by opening the delta on 
the low-tension side of one of the three-phase trans- 
formers and connecting the individual coils in series 
with the delta of a second three-phase transformer and 


7—DeEsTRUCTION OF WoopEN-Pote LinE By FALL oF 
75-Fr. TowER 


Fie. 


with the two high-tension sides connected in multiple, 
an extended delta could be secured, giving the desired 
voltage. 

Fig. 8 shows the diagram of connection and the 
method of connecting the two deltas. 

In order: to make use of this combination for sleet 
thawing and still keep the transformers available for 
ordinary service during the other times of the year, 
all six secondary leads were brought out of one of the 
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three-phase transformers to disconnecting switches 
mounted on the ceiling overhead the unit. These 
switches were so arranged that the special combination 
for thawing could be made very quickly, and special 
cables were run from the extended delta up to the roof 
of the building, where a flexible connection of a hundred 
feet of three-phase cable was provided, by means of 
which connections could be made to any of the four 
lines on the roof to be thawed. The total apparatus 
tied up for sleet thawing consisted of one 60-cycle, 
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2300-volt generator, and two three-phase transformers. 
This equipment, with a separate exciter, could be 
operated independent of the balance of the equipment 
in the station. The total cost of the sleet thawing 
outfit was, therefore, very moderate, and the only new 
equipment required was a few sets of 6600-volt, dis- 
connecting switches and some cables. A test made 
under actual operating condition on the line to North 
Adams, (8.8 miles long and of No. 1 copper), showed 
the following result at 60 cycles. 


Line Amperes Generator Volts Line Volts 
200 1170 3150 
250 1460 3930 
300 1740 4760 
390 2300 6150 


A test on the line to Shelbourne Falls, (14.7 miles 
and of No. 1 copper), showed the following results: 


60 Oycle 
Line Amperes Generator Volts Line Volts 
200 2290 5600 
250 2600 6970 
40 Cycle 
200 1670 4470 
250 2090 5590 
275 2300 6120 
300 2500 


6700 


Within the last year, the third 25-cycle, 11,000-volt 
generator has been installed, and this will also be 
available for sleet thawing. 
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The success of the sleet-thawing arrangement de- 
pends entirely upon complete cooperation between the 
generating station at Hoosac Tunnel and the stations 
at the end of the line to be thawed. This cooperation 
normally requires telephone connection, between the 
stations, but during sleet trouble, the telephone lines 
are usually the first ones to be put out of commission, 
so it was necessary to devise a means of working the 
sleet thawing device absolutely independent of tele- 
phone. Accordingly, a definite schedule was worked 
out for 24 hours, whereby sleet could be thawed on any 
or all of the four lines radiating from this station. 
This schedule is independent of dispatchers’ orders or 
telephone, and it functions even when all telephone 
connections have been completely wiped out. 


The sleet thawing is always started and carried on in 
accordance with this schedule regardless of the time 
of day and the number of lines to be thawed, so that the 
crews at both ends of the lines are thoroughly familiar 


with the routine of operation. 


schedule is given as follows: 


A complete cycle of the 


Time Shel. Falls Sta. |Hoosac Tunnel Station|North Adams Substa. 
2:45 p.m.| Remove short Start heat on No. 10 
from No.7 Line | Line } 
3:00 p.m.| Close No. 7 Line] Energize No. 7 Line 
when alive at 66,000 volts 
3:15 p.m.| Open and switch | Open and switch No. 
No. 8 Line 8 Line 
3:30 p.m.| Attach short to} Stop heat on No. 10 
No: 8 Line if| Line 
dead a 
3:45 p.m Start heat on No. 8| Remove short from 
Line No. 10 Line 
4:00 p.m. Energize No. 10 Line| Close No. 10 switch 
at 66,000 volts when alive 
4:30 p.m. Open and switch No. | Open and switch No. 
9 Line 9 Line 
4:45 p.m Stop heat on No. 8| Attach short on No. 
Line 9 Line if dead 
5:00 p.m.| Remove ' short} Start heat on No. 9 
from No. 8 Line | Line 
5:15 p.m.| Close No. 8 Line | Energize No. 8 Line 
: switch when |} at 66,000 volts 
alive 
5:30 p.m.| Open and switch | Open and switch No. 
No. 7 Line 7 Line 
5:45 p.m.| Attach short to| Stop heat on No. 9 
No. 7 Line if 
dead ie 
6:00 p.m. Start heat on No. 7| Remove short from 
Line No. 9 Line 
6:15 p.m. Energize No. 9 Line| Close No. 9 Line 
at 66,000 volts switch when alive 
6:45 p.m. Open and switch No.| Open and switch ‘No. 
10 Line 10 Line 
7:00 p.m. Stop heat on No. 7| Attach short on No. 
Line 10 Line if dead 
7:15 p.m.) Remove — short | Start heat on No. 10 
from No.7 Line | Line 
7:30 p.m.| Close No. 7 Line | Energize No. 7 Line 
switch when | at 66,000 volts 


alive 


The sleet thawing equipment was completed several 


weeks before the storm of 1921, but the crews atJthe 
station had not become proficient in its use, and when 
the sleet storm struck, it was not deemed wise to at- 
tempt to keep all four lines free from ice. All energy 
was devoted to keeping the lines over Florida Mountain 
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clear. As a result, these two lines came through the 
storm with a clean record and service was maintained 
to the customer during the whole time, in spite of the 
fact that all other communications and telephone lines 
in this part of the country were very seriously affected 
by the storm. This test thoroughly convinced the 
organization of the efficiency of the device, and since 
that time, sleet-thawing devices have been installed 
in several other points on the system. 


CONCLUSIONS 


The lessons learned during the past few years have 
been very expensive, but it is hoped that the future will 
benefit by so designing the lines of the system that 
they will come through a storm with a clean record. 
The following facts have been discovered: 

1. That towers should be designed to stand regard- 
less of the load on the conductors. A conductor 
failure is bad, but a structure failure is positively 
disastrous. 

2. That earth footings fail very often in compres- 
sion and this failure has wrecked many towers. There 
are also some failures of footings in tension. 

3. That guying towers at angle points instead of 
using a heavy structure is very poor makeshift. The 
tower usually fails before the guy has a chance to do 
any work. 

4. That “A’’ frame towers are not an ideal com- 
bination for sleet conditions even when all points are 
reinforced with heavy square towers installed every 
half mile in tangent and with a heavy ground wire 
overhead. 

5. That vertical spacing of conductors will never 
prove satisfactory for sleet condition, not even with the 
middle crossarm extended. 

6. That the so-called 75-ft. standard square towers 
as used in this section of the country for years will not 
withstand the sleet and wind load. 

7. That wooden pole lines have suffered less damage 
and are easier to put back into service than light tower 
lines. 

8. That in building important high-tension lines 
there is no half-way ground. To withstand the sleet 
it should be either a double-pole construction with 
steel crossarms or a steel tower. with suitable factors 
of safety and with all wires in a horizontal plane. 

9. That wherever possible it is advisable to installa 
thawing device if it can be done at a reasonable figure. 
This is a very desirable addition in New England, and 
will pay for itself many times on transmission lines 
thus protected from the sleet storm. 

10. That over 60 per cent of trouble occurs at dead- 
end towers. These should be self supporting and not 
guyed, and as many angles as possible eliminated. 

It is quite evident that ideas have had to be revised 
about transmission line design for this section of the 
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country. During the past two years, the Company 
has constructed over 125 miles of 110,000-volt trans- 
mission lines and these lines have been designed 
with the thought that it was possible to build one that 
would withstand even the severe sleet storms of New 
England. Advantage has been taken of the lesson we 
have learned from the other sleet storms, and it is 
believed that the present transmission line will prove 
satisfactory. 


Discussion 


L. W. W. Morrow: The Pennsylvania Power & Light 
System, as well as other companies in central Pennsylvania, 
have encountered this sleet problem for several years, and have 
introduced a method of combating sleet which I think will 
prove of interest. It is somewhat along the same lines as the 
method used by the New England Power Company. 

The method is based on the premise of catching sleet before it 
forms. In other words, we all know that it takes a large amount 
of heat to melt ice once formed. Down there most of their 
sleet occurs only in the high-altitude territory, so they, have 
organized a system whereby, after studying all weather maps 
and close observation of approaching storms, all patrolmen are 
concentrated into the sleet areas to be on the job to start im- 
mediately if there is any chance whatsoever of sleet forming on 
any line. 

If a report comes in that a sleet storm is approaching, they 
immediately organize to combat the sleet. This is done by 
isolating generators in stations sectionalizing lines as much as 
possible, improvising equipment that can short-circuit any line, 
and attempting to heat the lines before the sleet forms. It 
doesn’t take much heat in a line to keep sleet from forming, but 
it takes an immense amount of heat to melt ice off the line once it 
is formed. So their method is sectionalization and crowding 
loads into lines, utilizing generators in stations, putting energy 
into the lines they are trying to warm to keep sleet from 
forming. It is a scheduled proposition, definitely arranged, with 
all men on the whole system alert to prevent sleet from damaging 
the system. 

The result of their experience has been that in the last year or 
two they have had very little trouble and have been able to 
combat sleet very successfully. 

J. Roubicek: I think it interesting to see how the sleet 
melting is effected in one of the recent additions to the New 
England Power Systems. I am referring to the: Montauk 
plant in Fall River. 

There is a 32,000-kw. generator operating on a bank of trans- 
formers temporarily connected to give 66,000 volts on the high- 
tension side. The generator cables are led to a small cable 
house in the outdoor switchyard, from which point bare copper 
connections are made to the transformer. A double-throw, 
disconnecting switch is located in the top of the cable house, by 
means of which it is possible to throw the generator output 
either on the transformer bank, or directly on the outgoing 
high-tension line, (hereby bridging switches, transformers and 
high-tension apparatus in the outdoor switchyard), and subject 
the high-tension lines to the passage of the heavy generator 
current. Lamps in the cable house indicate whether the trans- 
former oil switches are closed or opened, so that the operator 
can make no mistakes in interrupting the transformer circuit 
while the breakers are in. The connection of the 14,000-volt 
sleet-melting cable to the high-tension line is made by solderless 
connectors which are disconnected when not in use. 


H. S. Knowlton: The cost of modern transmission lines 
for high-voltage service is rapidly approaching a figure per mile 
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comparable with the cost of building steam railroads perhaps a 
generation ago, and it is certainly pretty nearly one-fourth of the 
cost of building steam railroads per mile through some of the 
canyons of the Far West. I think it would be very interesting 
if Mr. Oliver would say just a few words about what range of 
costs per mile have been encountered in his practise. 

R. E. Argersinger: Some twelve years ago, before much 
trouble of sleet on transmission lines had been experienced in 
New England the company with which I am connected built a 
transmission line in Connecticut. This was a two-circuit line 
with No. 2 copper wires, each circuit in a vertical plane on one 
side of the tower. 

Considerable sleet trouble was experienced, but a large 
portion of it was eliminated by extending the middle crossarm. 
However, it was later decided to attempt to melt the sleet from 
the wires and this was done successfully over a length of line 
approximating 20 mi., by short-cireuiting one end of the 
circuit and applying voltage at the other end. A current of 175 
amperes will melt sleet on these No. 2 wires with the air at about 
32 deg. fahr. However, if there is a breeze and the temperature 
gets down to 20 deg. fahr., it will take nearly 300 amperes to 
obtain satisfactory results. 

I did not clearly understand from Mr. Oliver the size of wire in 
the case to which he referred. 

C. R. Oliver: It is our experience that 300 amperes will 
thaw the sleet if it is taken in time. The size of which I was 
speaking is No. 1. 

R. E. Argersinger: If you start as soon as sleet begins to 
form, considerably less current is required to prevent further sleet 
formation than would be necessary to free the wire from a con- 
siderable thickness of sleet after definite formation. 


I believe that in view of sleet troubles which have occurred in 
New England in recent years, more attention should be paid to 
the design of the line towers. In too many cases towers are 
purchased without sufficient attention to stresses allowed in the 
design and the compression formula employed; also to the 
proper factor of safety. 

Last winter St. Louis experienced a very severe sleet storm 
and a great deal of damage was done throughout the district to 
overhead work. As reported to us the Keokuk-St. Louis steel 
tower line ‘“‘stood like a rock,’’—the result of careful structural 
analysis in the design and an ample factor of safety. 


J. A. Johnson: Some years ago I had oceasion to design a 
transmission line and carried out that old practise of going into 
the market and buying a standard product from a manufacturer. 
During the construction of the line, a heavy sleet storm occurred 
and several towers were wrecked before the line was ever put in 
service. ‘The point I wish to bring out is that this sleet-thawing 
device ought to be the first thing provided when building a 
transmission line, and one should not wait until the line has been 
built and in service several months before beginning to think of 
sleet protection. 

C. R. Oliver: It has been our experience that in the two or 
three hours between the time we stop thawing a line and get back 
toit, the sleetforms alittle but not seriously. The whole trick that 
we have learned in sleet thawing is to get at it quickly. With 
very light sleet we have no trouble, but once the sleet gets two 

‘inches thick, you have real trouble on your hands, because your 
conductors sag down in the old vertical spacing and one span 
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will unload before the other span does and a burned-off con- 
ductor results. We try to get to thawing the minute we find 
there is any sleet. 

It has been true that there has not been as much thought put 
into the transmission-line tower design as we have put into our 
substation design or power house design. 

We build a substation structure, and the structural engineer 
will calculate every member in that structure and all the stresses, 
and then add one hundred per cent in order to play safe. And 
by the time he gets through he adds another hundred per cent. 
We don’t put that factor of safety into. transmission lines; 
at least we haven’t in the past. Very few men can actually 
calculate stresses in the mast of the tower, particularly in the 
old type of tower. ‘A footing designed with delightful intention 
very often crumbles in compression, and if just one member 
crumbles in a particular footing « damaged tower results. 

On the line that we finished just last year, we tried to put 
as much thought into the building of these individual towers 
as we did into the building of a structure of any kind. When 
the footings were excavated an engineer was there witha transit, 
and he stayed with the footing crew the whole time, and that foot- 
ing was set just as carefully and just as much to grade asif we were 
setting the footing of a building. 

Regarding the question of single-pole construction, this has 
been a standard on our system now for about six years; that is, 
up to angles of 15 deg. we use a so-called double-pole construe- 
tion with a single crossarm, but over angles of 15 deg., we take 
an individual pole and dead-end of the wire with a pull-off con- 
struction for each phase. 

Regarding the Moloney-type footing, we haven’t used any 
of these. We know nothing about them except what some of 
our friends who have tested them have told us, but we hope to 
try some of them out in test if not in actual use. 

Mr. Knowlton asked about the cost of transmission lines. 
Well, that depends much on the designing engineer, the type of 
country you are going through, the type of service you have 
to give. There Aare many indeterminate figures in the problem. 
We ean give you whata110,000-volt line costs, but itis dangerous 
to use it on any other section of the country; in fact, it is dangerous 
to use it in any way except as a guide. 

We had that illustrated some time ago with one of our financial 
men. We were talking to some of the Southern fellows about 
building transmission lines, and had just put in an estimate of 
$15,000 a mile. He said, ‘‘We build that kind of lines for 
$8000 a mile,” and we have had a very difficult time explaining 
to our people why we can’t build them for $8000 a mile. But 
it is due to the character of the country, to the loadings we get, 
to the care we try to put into the lines, and it makes your cost go 
up. We have seen some recent estimates of 220,000 volt, 
running about $40,000 a mile for double circuit. On the 
110,000, so-called flat construction with six wires in one plane, 
werun about $25,000 a mile, including the right of way and the fees. 

Mr. Morrow spoke about sleet-thawing down in Pennsyl- 
vania. They have an ideal condition with their load at one 
point and power station at another part of the system, and can 
bunch their load therefore on one line. But we have a con- 
dition in New England quite different from that, that is, we 
have a 66,000-volt distribution system in effect, and there is no 
way that we can bunch the load over one line and keep the 
sleet off. 


‘Transformer ‘Tap Changing Under Load 


BY H. C. ALBRECHT: 
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Synopsis.—Alttention is called to the need for voltage and 
power-factor regulating equipment on lines used for tying together 
large generating stations and for interconnection of systems. Such 
lines must be capable not only of transferring large amounts of 
energy in either direction, but must also be suitable for connecting 
generating sources operating at essentially equal voltages. 

The important characteristics of the three principal methods for 
voltage regulation on interconnecting lines,—namely, synchronous 
condensers, tap changing under load, and induction regulators,— 
are presented, discussed and compared. The comparison includes 
such factors as first cost (including installation) reliability, ease of 
operation, losses, effect on system power factor and losses, mainte- 
nance, adaptability to reversible energy transfer and ability to give 
close voltage regulation. 


The requirements of regulating equipment, particularly from the 
operator’s standpoint, are discussed with the idea of bringing out 
the necessity of obtaining a high degree of reliability, ease of opera- 
tion and flexibility to meet the various operating conditions. 

The fields of application of various methods of regulation are 
discussed, showing the advantages of each for different requirements 
and pointing out that in some cases the best solution of the problem 
lies in the application of a combination of two different methods of 
regulation to secure the best over-all results. 

Brief descriptions of three installations (two of tap changing under 
load, and one of induction regulators) for voltage regulation and 
power-factor control on lines of The Philadelphia Electric Company 
are included. 


N an effort to obtain satisfactory voltage regulation 

more economically for certain transmission require- 

ments involving step-up transformation during the 
past two or three years, methods and equipment have 
been developed by which the voltage ratio of large 
power transformers can be changed while in service 
without interrupting the load. Changing taps by any 
such method is commonly referred to as ““T'ap Chang- 
ing under Load.”’ 

The purpose of this paper is to indicate, so far as 
possible, the field in which transformers provided with 
tap-changing equipment might be economically and 
satisfactorily applied, comparing their characteristics, 
advantages and disadvantages with those of the other 
better-known types of regulating equipment, such as 
‘synchronous condensers and induction regulators. The 
development of equipment for tap changing and the 
various schemes by which this may be accomplished will 
be but briefly referred to, as this is to be the subject of 
other papers. As a result of experience in a recent in- 
stallation of four 20,000-kv-a., 66-kv. transformers of 
this type on tie lines vetween two important generating 
stations of The Philadelphia Electric Company system, 
however, some suggestions will be made from the 
standpoint of the operating company relating to their 
design, construction and installation. 

Where step-up transformation is involved, voltage 
‘regulation requirements have usually been those re- 
lating to one way, transmission, but the tremendous 
growth in capacity of individual systems in the last 
decade, and the decided trend toward interconnection 
of systems, has brought with it another somewhat 
different problem of controlling voltage and transferring 
reactive kilovolt-amperes with reversible energy flow. 
The time is not long past when there were scarcely any 
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ties between neighboring systems and but few of any 
considerable capacity between generating stations of the 
same system, since most companies could boast of but 
one large plant. The greatly increased demand for 
energy has resulted in the building of many large ca- 
pacity generating stations, which, for ecoriomic opera- 
tion, are tied together in any one system. In the past 
few years considerable progress has been made in the 
interconnection of adjacent systems to secure even 
greater economies. With the general spread of the 
“superpower’’ idea through the country and the conse- 
quent increase in the number of such ties, this newer 
problem of regulation, where energy transfer may 
be in either direction, is of growing importance. 

Except for the induction regulator which has been 
applied only to a limited extent, until the recent de- 
velopment of tap-changing equipment, the synchronous 
condenser has been practically the only means of ob- 
taining the voltage regulation to meet the requirements 
discussed in this paper. With tap-changing equipment 


available, however, the best solution of many problems 


may be a combination of this equipment with syn- 
chronous condensers, or, in certain cases, of tap-chang- 
ing equipment alone where its range is sufficient. Of 
course, there are many cases in which bulk power is 
supplied to distant points, where it is practicable to 
obtain some or all of the required regulation by varia- 
tion of voltage at the generating station, particularly 
when there is no local distribution from that point. 

Application of the three above-mentioned types of 
equipment, for obtaining voltage regulation where 
step-up transformation is involved, may be commented 
on as follows: 


SYNCHRONOUS CONDENSERS 


This type of equipment has been extensively used for 
voltage regulation, particularly for one-way transmis- 
sion, and has the following characteristics: 
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a. Very important advantage of ability to carry 
reactive kilovolt-amperes, thus minimizing system 
lossesand permitting best utilization of system capacity. 

b. Ability to obtain smooth voltage regulation and, 
when necessary in cases where the charging kilovolt- 
amperes of the line is high, to prevent voltage rise at 
light loads. 

e. Ability to maintain level-voltage transmission 
which may be of advantage where loads are tapped off 
along the line. 

d. High cost of complete condenser installation, 
due not only to cost. of the apparatus in the capacities 
required but also to the necessity of providing founda- 
tions and building. 

e. Comparatively high operating and maintenance 
costs and losses; the latter, however, generally being 
more than balanced by savings in system losses. 

f. Extremely high cost of installations to take care 
of reversible energy transfer, as duplicate equipment 
must be installed at each end of the line with possibly 
little appreciable additional saving in system capacity 
or losses to offset charges on the additional investment. 

g. Units.may be taken out of service purposely or 
accidentally without necessarily causing a serious 
disturbance. 


TAP-CHANGING TRANSFORMERS 


This type of equipment of recent development, so far 
installed chiefly on tie lines between generating stations, 
is possessed of the following characteristics: 

a. Very low cost, since the only amount involved 
is practically the difference between transformers 
provided with tap-changing equipment and those not 
so provided. 

b. Adaptability to reversible energy transfer where 
line power factor is high or distances are relatively short. 

ce. Inability to improve system power factor and 
thus decrease losses and increase system capacity. 

d. Inability to give smooth voltage regulation, 
changes being made in steps. 


INDUCTION REGULATORS 

Induction regulators have been used, to a limited 
extent, on the low-tension side of transformers con- 
nected with high-voltage transmission lines and have 
the following characteristics: 

a. Moderate cost. 

b. Adaptability to reversible energy transfer. 

c. Ability to give smooth voltage-regulation. 

d. Inability to improve system power factor and 
thus decrease losses and increase system capacity. 

e. Moderate losses. 

f. Introduction of phase angle between line and bus 
voltage by polyphase regulators. 


COMPARISONS 


In considering these three types of regulating equip- 
ment, it will be seen that induction regulators and tap 
changers perform very much the same function—they 
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vary the voltage, but have no beneficial effect on power 
factor, as in the case of synchronous condensers. Of 
these two equipments, tap changing is considerably 
cheaper, more efficient and occupies less space. For 
instance, a 714 per cent buck-and-boost, polyphase, 
induction regulator, in series with the low-tension side 
of a 20,000-kv-a., 66-kv., three-phase transformer, 
would probably cost almost as much as the transformer 
itself, while a transformer of the same capacity provided 
with tap-changing equipment to give the same voltage 
range, would probably cost less than 150 per cent of the 
transformer without such equipment. In addition to 
this advantage in first cost, there would be a consider- 
able annual saving by elimination of the regulator 
losses. There is also another advantage in favor of the 
tap-changing equipment; the regulator is almost as 
large as the transformer itself, requiring special founda- 
tions and more space than the tap-changer equipment. 
The regulator does give a smooth variation of voltage 
instead of in steps, but in many cases this is not of suf- 
ficient importance to overcome the other disadvantages. 
An application of tap-changing transformers of con- 
siderable interest is one in which the voltage change 
from one tap to the next is accomplished gradually 
through the use of a small induction regulator which 
may require an insulating transformer between it and 
the main transformer. 

The polyphase regulator also introduces a phase angle 
between line voltage and bus voltage, which makes 
paralleling difficult. When voltage regulation is de- 
sired for existing installations, it may be quite difficult 
and expensive to safely apply tap changing and, in such 
cases, the induction regulator may work out very 
satisfactorily. It, therefore, seems that in new installa-. 
tions where step-up transformers are required, tap- 
changing equipment has decided advantages over 
regulators. 

In a comparison of tap-changing equipment with 
synchronous condensers for voltage regulation, the two 
points of outstanding importance are, on one hand, the 
tremendous advantage of first cost of the tap-changing 
equipment over the condenser installation, and on the 
other hand, the ability of the condenser to supply re- 
active kv-a. in addition to voltage regulation, thus 
minimizing system losses and permitting best utiliza- 
tion of system capacity. It would seem, however, 
from an economic standpoint that, in many cases, the 
advantages of tap-changing equipment would outweigh 
those of condensers, if the tap changers would give the 
desired voltage range. As this is perhaps hardly pos- 
sible, the best solution of many problems would very 
likely be a combination of tap-changing equipment 
with a smaller capacity of condensers than would other- 
wise be required. This compromise would permit 
of installation of condenser capacity sufficient to bring 
the power factor to the economical point and obtain the 
remaining regulation required with tap changing. 
Where the system power factor is already fairly high, 
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the desired voltage regulation can be obtained with 
tap-changing transformers of the maximum, practical 
voltage range, supplemented by condenser equipment 
if necessary. The combination of condensers and tap- 
changing transformers gives the advantages of both 
types of equipment and overcomes most of the dis- 
advantages. 

In many cases where the charging kv-a. of the line at 
no load is high, there may be no alternative other than 
the installation of condensers; but, even with this the case, 
the combination may work to advantage. It is again 
pointed out that where it is practical to vary the 
generating station voltage considerably, this, in com- 
bination with the use of condensers, may be a better 
solution than tap changing. 


DEVELOPMENT OF TAP CHANGING 


There has been a growing appreciation of the ad- 
vantages of taps in transformer windings and a desire to 
increase their availability, and this even with recogni- 
tion of the fact that taps do introduce some slight haz- 
ard and that the number should be kept down to the 
minimum advantageous for use. This first took the 
form of adding a terminal board with links whereby the 
ratio of transformation could be varied. However, 
this required the opening of a handhole over the ter- 
minal board or the lifting of the cover—an inconvenient 
procedure at any time and especially undesirable in bad 
weather. Thus, with the necessity for changing taps 
frequently to care for seasonal variations in load, this 
led to the development of ratio adjusters operated from 
without the transformer tank, with the unit out of 
service. As the necessity for making these changes 

_became daily rather than seasonal, the next step was 
naturally towards means of changing taps without 
interrupting the load. 

It may be of interest here to recall that many years 
ago schemes were developed and applications of small 
capacity were made in which taps were brought out 


from transformers to a dial-head and line connections - 


were changed from one tap to another while the section 
of winding between taps was momentarily short-cir- 
cuited through reactance. 


There are several methods whereby tap changing 
under load may be accomplished; among them the use 
of (a) two parallel windings which can be cut out of 
circuit, one at a time, by oil circuit breakers or contact- 
ors in order to change taps; (b) one winding in which 
adjoining taps are momentarily tied together through 
oil circuit breakers or contactors during the change- 
over with or without “bridging” reactance or small 
induction regulator; (¢c) one winding in which taps 
are changed by taking each phase out of service in 
succession, the load being carried open-delta on the two 
remaining phases in the meantime. 

In cases a and b, the windings from which the taps 
are brought out may be either those of the main trans- 
former themselves or those of an auxiliary regulating 
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transformer excited from the main bank. While the 
former is more compact and cheaper both in first cost 
and operating losses, it does not provide a means for 
keeping all the tap-changing equipment outside the 
main tank. Where regulation is desired on an existing 
transformer bank, this may be accomplished by the 
addition of such an auxiliary regulating transformer. 

Where the voltage of the circuit is too high to permit 
the safe installation of tap-changing devices directly, it 
is possible to accomplish tap changing through insula- 
ting transformers, although, of course, this would be at 
increased cost. 

The application of the general principle of tap 
changing under load presents possibilities for many 
ingenious arrangements to meet specific requirements, 
illustrated by the variety in the equipments already in 
service or on order. Undoubtedly there will be further 
developments involving new schemes or modification of 
existing ones. 

While this paper treats mainly of tap changing ap- 
plied to step-up or step-down transformers, it should be 
pointed out that tap changing can also be applied to 
series transformers where the line to be regulated in- 
cludes no voltage transformation. 


PHILADELPHIA ELECTRIC INSTALLATIONS 


It will be of interest to briefly describe an 80,000- 
kv-a. installation of tap-changing transformers at the 
Chester Generating Station of The Philadelphia 
Electric System. This station is fourteen miles from 
the Schuylkill Generating Station and is connected by 
two 66-kv. overhead circuits of No. 00 copper. Until 
recently two 18,750-kv-a. banks were installed at each 
end of the lines. Although these lines were intended to 
be for generating station ties only, it was not very long 
before two important, large customers for special 
reasons were tapped off not far from the center of the 
lines. Control of transfer of load and reactive kv-a. 
for the first two years was obtained by variation of the 
bus voltage of the Chester generating station, as the 
local distribution was not extensive and not particularly 
affected thereby. However, in 1920, this became less 
practicable and the need for some means of more 
effectively controlling the lines under various loading 
conditions was so great that after much consideration 
two 1750-kv-a., 18,600-volt induction regulators, to 
give 9 per cent buck-and-boost in a 18,750-kv-a. circuit, 
were purchased and installed at the Schuylkill end of 
the lines. These were and probably still are the 
largest regulators ever built. In 1924, however, it was 
decided to double the transformer capacity installed at 


the Chester Station end and extend a 66-kv. tap from 


the line to a distribution substation with requirement of 
20,000 ky-a., the transformers from Chester being 
transferred to that point. The increased line loading | 
brought a greater voltage drop and it was deemed best 
to take care of this by making the new transformers at 
Chester tap changing instead of purchasing additional 
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induction regulators or installing synchronous conden- 
sers. Five per cent buck-and-boost induction regula- 
tors were purchased for the tap off substation, as tap 
changers could be applied to the transformers available 
only with difficulty. Four 20,000-kv-a., 13.8/69-kv., 
delta-delta, three-phase, water-cooled transformers 
were placed in service the first of last November and 
arranged with six taps in the low-tension winding, to 
give up to 13 per cent rise at no load in the high-tension 
winding, or 78,000 volts. The low-tension windings are 
in two parallel circuits with taps in the middle of each 
winding, taps being changed on one winding, while the 
other is temporarily carrying the entire load. A single 
operation of a control switch carries to completion, the 
changing from one tap to another, in all three phases. 
Other papers give description of this equipment and its 
design problems in detail. 

Since their installation these transformers have been 
operating very satisfactorily. Their control is simple 
and tap changes of 2.2 per cent cause no noticeable 
disturbances on the line. While the tap changers at 
Chester and the regulators at Schuylkill are non- 
automatic and under the control of the operators, the 
regulators at the substation are controlled from a con- 
tact-making voltmeter, thus insuring the maintenance 
of a constant voltage at that point irrespective of varia- 
tions of the voltage of the 66-kv. line, due to direction 
and amount of energy. transferred. 

Construction work is well under way on the Rich- 
mond Station in Philadelphia, designed to ultimately 
house twelve turbo-generator units of at least 50,000- 
kw. capacity each, the first two of which are expected 
to be in operation by the end of 1925. It is anticipated 
that about one-half of the minimum ultimate capacity 
of 600,000 kw. will be distributed at 13.2 kv. and the 
remainder at 66 kv., and that half of the twelve genera- 
tors will be connected to the 138.2 buses and the others 
to the 66-kv. busses through transformers connected 
directly to the generator leads. . Provision is being 
made to tie the 13.2 and 66-kv. busses together through 
three 60,000-kv-a. transformer banks. As distribution 
within the next few years will be considerably greater 
at 13.2 kv. than at 66 kv., the first few generators will 
be connected to the 13.2-kv. busses. Two of the three 
60,000-kv-a. tie transformer banks, each consisting 
of three 20,000-kv-a., single-phase, water-cooled units, 
connected delta-Y, have been ordered and will be 
placed in service the latter part of this year to provide 
for the demands for 66-kv. supply. In order to facili- 
tate the ultimate reversible transfer of energy between 
the 13.2and 66-kv. busses, these transformers have been 
ordered with tap-changing equipment of 10 per cent 
range in four 21% per cent steps. An interesting feature 
of this installation will be that individual tap-changing 
equipments will be furnished with each single-phase 
transformer, no provision being made to have the taps 
on the three different phases changed simultan- 
eously. 
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GENERAL COMMENTS 

In general, transformers, particularly in large capaci- 
ties, have a record of high reliability. Tap changing 
necessarily adds complications to both the transformer 
itself, and the auxiliary equipment. It is extremely 
important that the design be developed in all its details 
so as to minimize any adverse affect upon the over-all 
reliability of the equipment. Operators are reluctant 
to add complications to important equipment, but 
in large capacity units, in which tap changing is of 
particular advantage, the extra expense to secure ex- 
ceedingly substantial tap-changing equipment is a very 
small percentage of the total cost. A requirement of 
The Philadelphia Electric Company is that the tap- 
changing equipment inside the transformer tank be 
built so substantially as to require no attention under 
the expected duty other than that which would natu- 
rally be given on the rare occasions when it is necessary 
to untank the unit in case of winding failure. 

It is true that some hazard is introduced by tap- 
changing equipment and some operators prefer schemes 
in which taps are brought outside the tank because of 
possibility of trouble in the tap-changing mechanism. 
This, however, brings about other disadvantages, such 
as the hazard in the additional exposure of important 
circuits and added first cost. Transformer windings are 
quite often somewhat special when built for tap-chang- 
ing service and the design must be carefully worked out 
to obtain the best balance to meet all requirements; 
for instance, with schemes involving parallel windings, 
care must be taken to obtain the best compromise be- 
tween circulating current and regulation when the load 
is carried for a short time on one winding during tap 
changing on the other. 

The amount of tap-changing range that is practicable 
and the affect upon cost and characteristics are inter- 
esting subjects for discussion and have important 
bearing upon its application, particularly for reversible 
energy transfer. For instance, as previously indicated, 
the economic solution of many problems may involve a 
combination of synchronous condensers with tap-chang- 
ing transformers in proportions determined largely by 
the maximum practicable range of the tap-changing 
equipment. It must be appreciated, however, that 
high ranges impress voltages higher than normal upon 
transformer, oil circuit breaker and other equipment, 
and the line itself. 

It is of the highest importance that the design and 
construction ofthe tap-changing mechanism be such as 
to insure sturdiness and reliability; and there should be 
no tendency to skimp in this direction. Whether oil 
switches or contactors should be used for disconnecting 
devices, and the relative merits of different types of 
ratio adjusters, are matters to be carefully looked into 
for particular applications. Tap-changing equipment is 
well adapted to remote control and experience has 
indicated the value of but one operation.of a control 
switch for a complete movement from one tap to 
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another. Ofcourse, provision must be made for manual 
operation in case of motor trouble, or failure of control 
system. The complete movement, whether remotely 
or manually operated, should be made in the minimum 
length of time possible without any shock to the mech- 
anism or sacrifice in durability. That portion of the 
tap-changing mechanism external to the transformer 
should be properly housed and specially designed to 
withstand moisture from condensation. The mecha- 
nism should be readily accessible for inspection and 
maintenance. 


It is essential that the operator know the tap on 
which the bank is operating and that any change he 
desires has actually been completed. Therefore, a 
position indicator of some kind should be provided on 
the switchboard and also at the mechanism. It is often 
desirable to know the voltage on the high-tension side 
of transformer banks and costly high-voltage potential 
transformers may be avoided if the voltage is measured 
on the low-tension side (compensating for drop through 
the transformer). Since, in the case of tap changing, 
the actual ratio of transformation is varied, it is neces- 
sary to also provide some device such as a small auto- 
transformer the ratio of which is correspondingly varied 
by a dial-switch operated from the mechanism. Sucha 
device has been operating satisfactorily in the installa- 
tion at Chester Station, already described. 


In providing the usual differential relay protection, 
this change in the ratio of transformation must be pro- 
vided for either by the use of an auto-transformer 
the ratio of which is varied with that of the main unit 
or by designing the turns of the relay for the mid posi- 

_tion of the tap changer and setting the relay sufficiently 


high to prevent its operation on through short circuits. - 


Any failure of the mechanism that may damage the 
transformer winding thermally should be guarded 
against, but should one occur, it should be indicated by 
analarm. Inthe case of the double-winding transform- 
ers at Chester this is accomplished by relays connected 
differentially between the two windings which operate 
when either winding is carrying all the load or when the 
two windings are in parallel on different taps. These 
relays in turn operate a definite time limit relay which at 
the end of one minute gives an alarm. 


CONCLUSION 


The author believes that there is a real field for trans- 
former tap changing under load and that this will 
continue to increase with the expansion of interconnec- 
tion and superpower. 
as its possibilities are more widely recognized and 
appreciated. 

Acknowledgment is made of the assistance of 
Messrs. R. A. Hentz, Raymond Bailey, B. E. Hagy and 
Jos. I. Tabakin, of The Philadelphia Electric Company, 
in the preparation of this paper. 
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Discussion 


B. G. Jamieson: On the system of the Edison Company in 
Chicago, there has been built up within the last four years, a 
33,000-volt nominal voltage; 60-cycle system of about 360,000 
kilowatts. The transformers were generally equipped with the 
tap-changing system described, the earlier forms with the double 
winding, and in other cases, a system which involves the step 
switching scheme with a connected reactor giving the same effect 
that the last author described. 

The operations have been about forty in number, and from the 
standpoint of the effect on the load, nothing more could have 
been desired. Changes were made promptly, and we found 
that with approximately two and a half per cent steps, we got all 
desired smoothness. It came to our notice, however, very early 
in the development of these schemes that the complication added 
to the transformers indicated the desirability of getting the maxi- 
mum amount of this extra system outside the tank. We are not 
yet able to take a final position in the matter of requiring this 
development further than to eall to the attention of engineers 
the many extraordinary things that happen in transformers and 
the undesirability of having minor troubles or difficulties aug- 
mented by the proximity or presence of supplementary internal 
devices of this character. 

As to the schemes of regulation involving the regulator system, 
this refinement will, I believe, be necessary only in exceptional 
cases, but where we have used the double winding we are 
prepared to add the regulator when necessary. 


In our committee work in the N. E. L. A., some discussion has 
arisen regarding the nomenclature, and I must say that there was 
not complete agreement on this score. The name tap changer 
and the name ratio adjustor were offered for consideration, but 
the choice seems to be still open. Generally speaking, one as- 
sociates with the term tap changer a minor piece of equipment 
and with the term ratio adjustor a somewhat more comprehen- 
sive system. It would appear from what has been seen that 
perhaps the term ratio adjustor has a little more exact 
significance. 

H. W. Smith: These papers point out the need for some 
scheme of regulating transformer voltages under load, and men- 
tion one solution. I wish to point out, however, that other 
schemes have been used, and in considering any given problem, 
these alternatives should be investigated. A tap-changing 
scheme has been used in which the taps have been brought out of 
the transformer and changed by oil circuit breakers using an 
auto-transformer in switching from tap to tap. This also pro- 


_ vides a method by which additional voltage points can be 


obtained half-way between the taps so that, forinstance, with five 
taps, nine voltage steps can be obtained. Four 15,000-kv-a., 
three-phase transformers using this scheme are in operation in 
Chicago. This scheme has also been used in connection with 
air-blast transformers supplying converters. The transformers 
having a primary voltage of 11,000 and standard contactors were 
used for changing the taps. This equipment has been in use in 
San Francisco for several years with satisfactory operation. 


Another scheme which is particularly applicable to an inter- 
connection between high-voltage systems, is that of using a com- 
bination of transformer with an induction regulator to bridge 
between the taps of the transformer. This equipment is termed 
a ‘‘step induction regulator.’’ An interesting equipment involv- 
ing this scheme and rated at 15,000 ky-a. has been used to inter- 
connect the Tacoma Municipal System with the Seattle 
Municipal System. The Tacoma voltage is 50,000, three-phase, 
delta-connected, while the Seattle voltage is 57,000 volts, 
three-phase, star-connected. With the equipment, a voltage 
variation of 48,000 to 64,000 on the star side is provided. This 
installation has been described in an article ‘‘The Tacoma-Seattle 
Power Exchange Line,” by R. E. Towne in the Electric Journal 
of June 1923. This same scheme has been applied to synchronous 
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converters to get a large range in voltage for reenergizing a d-c. 
Edison system when a shut-down oceurs. 

Another scheme which has been used is that of opening the 
delta on a bank of transformers, switching the taps on one trans- 
former, then replacing it and doing the same with the remaining 
transformers. This has been applied to a bank of transformers 
supplying synchronous converters for obtaining low voltages to 
reenergize a dead Edison system. ‘ 

There will be a large field for tap changing on transmission 
systems supplying scattered areas where the tap-changing equip- 
ment must be relatively inexpensive. An experimental installa- 
tion is being supplied to one property which will use air-break 
switches with the ordinary type of tap changer. The operator 
will disconnect one transformer by means of air-break switches, 
operate the tap changer, close the disconnect switches again, and 
then earry on this same procedure in the case of the remaining 
two transformers. The scheme, of course, relies upon the opera- 
tor to perform the functions in the correct rotation. 

A. H. Kehoe: It is important from the operating standpoint 
that this equipment, which becomes a controlling element in our 
large capacity lines, should be specified and manufactured in a 
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manner to make it reliable without constant inspection. On the 
other hand, all operators of such equipment should have regular 
inspections made until simplified designs have been developed 
which demonstrate in practise that such inspections are not 
required. 

H. R. Wilson: I believe that we are indebted to C. R. 
Oliver for inaugurating the idea of changing transformer taps 
under load by using the scheme of parallel windings. About 
ten years ago, he installed at Pawtucket, two 18,625-kv-a. three- 
phase transformers operating in parallel. Each transformer was 
provided with ratio adjustors, and high- and low-tension oil 
circuit breakers. Tap changes were accomplished by opening 
the breakers of one bank, changing taps by means of the 
adjusters, and closing the breakers and the operation being 
repeated on the second bank. 

As regards using disconnecting switches, The Consumers 
Power Company has had in operation for several years, a scheme 
whereby switches connected the taps in each leg of the delta so 
that the taps could be changed in one leg at a time; the trans- 
former operating in open delta during the period the taps were 
being changed. 


Universal Type Motors 


BY L. C. PACKER: 


Associate, A. I. E. E. 


Synopsis.—Heretofore the subject of universal motors has not 
received very much publicity but the field for these motors has been 
increasing so rapidly that a great deal more attention is now being 
given to them. 

The paper endeavors to bring out points of general interest rather 
than going into the fundamental design and other details. 

The term “‘universal”” as applied to this type of motor is defined, 
together with a description of the operating characteristics in general. 

There are two types of universal motors; namely, com- 
pensated and non-compensated, both of which are de- 


HE term “universal” is applied to certain small 

series-wound motors, the performance of which 

is almost identical when operated on either 
alternating or direct current. (Alternating current 
is used in this paper to mean frequencies of 60 cycles and 
lower.) Universal motors have been in commercial use 
for fifteen or more years and are still most popular in the 
two applications in which they were first used in quanti- 
ties; namely, portable drill and vacuum cleaner drive. 
However, with improvement in the motors and increase 
in the number of small motor-driven appliances, a 
number of new fields for the application of these motors 
are being found. If a manufacturer’s product is sole 
over a large area, it is obviously to his advantagd 
to use a motor which will operate equally well on 
either alternating or direct current, and only the 
voltage of the circuit need be considered. This advan- 
tage has led some appliance manufacturers to modify 
_ their machines so that the operating characteristics of 
universal motors will be satisfactory for driving them. 

All of the universal motors on the market are series 
wound and their performance characteristics are very 
much like those of the usual type, d-c. series motor. 
The no-load speed is quite high but seldom high enough 
to damage the motor, as is the case with larger d-c. series 
motors. When a load is placed on the motor, the speed 
decreases and continues to decrease as the load is in- 
creased. Although universal motors of several types 
of construction are manufactured, they all have the 
varying speed characteristic just mentioned. 

Due to the difficulty in obtaining like performance 
on alternating and direct current from motors designed 
for operation at low speeds, most universal motors are 
designed for operation at speeds of 3500 rev. per min. 
and higher. Motors operating at load speed of 8000 
rev. per min. to 10,000 rev. per min. are common. 
Practically all portable vacuum cleaner motors come 
within this range. Working speeds above 10,000 rev. 
per min. are not so common, due to there being few 
applications where such speeds are desirable and to the 

1. Westinghouse Electric & Mfg. Co., Springfield, Mass. 
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scribed as to general design, construction and applications. 

The question of ratings and limitations of the universal features o 
both types of motors brings out some interesting points. 

Commutation and mechanical balance are questions demanding a 
great deal of attention due to the comparatively high speeds at which 
these motors usually operate. 

Some of the applications best suited to the universal motor are 
described, showing the possibilities of this type of motor when 
properly designed, manufactured and applied. 
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manufacturing difficulties in producing motors which 
will run at such speeds. Small stationary vacuum 
cleaners, truck-type vacuum cleaners and the larger 
size of portable tools have motors with operating speeds 
of 3500 rev. per min. to possibly 8000 rev. per min. 

Ratings from zero h. p. to one h. p. are being manu- 
factured.. However, it is not possible to obtain the very 
low h. p. ratings at the lower speeds and get the same 
performance when operating over the whole range of 
frequencies from direct current to 60 cycles. In other 
words, the motors designed for very low horse powers 
and the lower speeds cease to be universal, for although . 
they will operate on either alternating or direct current 
their speed for a given load varies over too wide arange 
with changes in the frequency of the supply circuit. 

It is not possible to set a definite limit of difference in 
speed for a given load, inside of which a motor may 
be said to be universal and outside of which it would 
not be designated as universal when motors are operated 
on direct current or on various frequencies. That is, 
it cannot be said that when operating at rated load, the 
variation in speed must not be more than 10 per cent, 
15 per cent or 20 per cent, if the supply circuit is changed 
from 60 cycles to any lower frequency or to direct 
eurrent. In the usual universal motor applications, 
such speed variations will probably be found. However, 
in any application, the motor is considered as being 
“universal” if it will operate the apparatus satisfac- 
torily when the power supply is varied over the entire 
range of commercial frequency with rated voltage 
applied in each case. 

Vacuum cleaners and portable drills are two examples 
of very satisfactory applications for universal motors. 
In both of these applications, the variation in perform- 
ance when operating on varying frequencies, ‘can 
easily be kept within the required limits and it is desir- 
able to have the speed vary with the load. Ifa vacuum 
cleaner is used under conditions which decrease the 
volume of air handled, the load on the motor is decreased 
and the speed increases. The increase in speed in- 
creases the vacuum, causing the cleaner to handle more 
air than it would if driven by a constant speed motor. 
Portable drills are almost ideal applications for universal 
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motors. The cutting speed is automatically adjusted 
by the load, since the smaller the size of the drill being 
used the lighter the load and consequently the higher 
the speed, and vice versa, when larger drills are used. 

The same conditions exist when universal motors 
are used in small pipe-threading machines and in certain 
other metal and woodworking machines. 

The speed of a universal motor can be adjusted by 
connecting a resistance of proper value, in series with 
the motor. Advantage is taken of this characteristic 
in such applications as motor-driven sewing machines, 
where it is necessary to operate the motor over a wide 
range of -speed. In such applications adjustable 
resistances are used and the speed is varied at will. 

When considering the use of universal motors to 
drive any apparatus, the following characteristics of the 
motor should be considered: 

Change in speed with change of load 

Change in speed with change in frequency of power 

supply 

Change in speed due to change in applied voltage 

The last item has not before been referred to except 
indirectly in-connection with the use of series resistance 
to adjust the speed. However, a larger percentage of 
all small motors is connected to lighting circuits and the 

‘voltage conditions are not always of the best. This 
condition must be kept in mind when determining the 
proper motor to use for any application regardless of 
type. In general, the speed of a universal motor varies 
directly as the voltage. 

The starting torque of universal motors is usually 
much more than that required and in most applications 
does not have to be considered. 

There are some motor applications where the motor 
runs all of the time and the load is connected and dis- 
connected by means of aclutch. On such applications, 
if the operating characteristics of a.universal motor are 
satisfactory while the load is applied but the no-load 
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speed is too high, it is sometimes possible to arrange to 
have a series resistance connected in the line during the 
time the clutch is in the position to release the load. 
The value of this resistance can be made such as to give 
the desired no-load speed. . 

Universal motors are applied with two kinds of con- 
struction—(1) concentrated-pole, non-compensated and 
(2) distributed-field, compensated. Most motors of 
low h-p. rating are of the concentrated-pole, non-com- 
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pensated type, while those of the higher ratings are ot 
the distributed-field, compensated type. ‘The dividing 
line is somewhere near 14 h.p., but the type of motor 
to be used is determined by the severity of the service 
and the performance required. All of the motors have 
wound armatures of the same construction as the 
ordinary d-c. motor. 

The concentrated-pole, non-compensated motor is 
exactly the same in construction as a d-c. motor except 


that the complete magnetic path is made up of lami- 
nations. The laminated stator is made necessary be- 
cause the magnetic field is alternating when the motor 
is operating on alternating current. The stator lami- 
nations are punched with the poles and the yoke 
in one piece. This makes a very simple construction 
and one whichis very satisfactory to the appliancemanu- 
facturers who buy the motor parts as shown in Fig. 1, 
and assemble them in their apparatus. 

The compensated type of motor has stator lamina- 
tions of the same shape as those in an induction motor. 
These motors have stator windings of one of two 
different types. The parts of a compensated motor, 
as they are supplied to be built. into the apparatus, are 
shown in Fig. 2. 

The question might naturally arise as to why it is 
desirable or necessary to have the non-compensated and 
the compensated motors and why the ratings are 
usually limited to fractional horse powers and high 
speeds. The non-compensated motor is more simple 
and less expensive than the compensated motor and 
would be used exclusively over the entire range of 
ratings if its performance were as good as that of the 
compensated motor. However, as before stated, the 
non-compensated motor is used for the higher speeds 
and lower horse power ratings only. Figs. 3 and 4 show 
the speed-torque curves for a compensated motor and a 
non-compensated motor, respectively. It will be 
noted in Fig. 3 that although the rated speed is rela- 
tively low for a universal motor, the speed-torque curves 
for various frequencies lie very close together up to 50 
per cent above the rated torque load. In Fig. 4, the 
performance of a much higher speed, non-compensated 
motor is shown. For most universal motor applica- 
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tions, the variation in speed at rated loads as shown on 
this curve is satisfactory. However, the speed curves 
separate rapidly above full load. If this motor had been 
designed for lower speed, the tendency of the speed- 
torque curves to separate would have been more 
pronounced. The chief cause of difficulty in keeping 
the speeds the same is the reactance voltage which 
exists when the motors are operated on alternating 
current. Most of this reactance voltage is produced in 
the field windings by the main working field. How- 
ever, in the non-compensated motor some of it is 
produced in the armature winding by the field pro- 
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duced by the armature ampere-turns. The true 
working voltage is obtained by subtracting the re- 
actance voltage vectorially from the line voltage. If 
the reactance is high, the performance at a given load 
will be the same as though there were no reactance 
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voltage and the applied voltage had been reduced with 
consequent reduction in speed. 

The reactance voltage varies with the frequency 
and is almost entirely responsible for the difference in 
performance on the different frequencies of alternating 
current. However, the difference in performance, 
when operating on alternating current and when 
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on direct current, is caused not only by reactance 
voltage but also by the difference in the amount of 
flux produced by a given value of direct current and by 
the same value of alternating current. Due to the 
saturation of the iron in the magnetic path at the time 
of the maximum value of the alternating-current wave, 
the alternating current does not produce an effective 
value of flux equal to that produced by an equal value of 
direct current. While the reactance voltage reduces the 
speed, the reduced flux on alternating current increases 
the speed. The reactance voltage varies with the 
frequency, but the flux for a given value of alternating 
current remains constant, regardless of the frequency. 
When the motor is operated on low frequency the 
effect of reactance is almost negligible, while the 
reduction in flux is just as high as for the higher fre- 
quencies. The result is that on very low frequencies 


the speed is always higher than when the motor is 


operated on direct current. It is even possible to have 
conditions such that the speed on 60 cycles is higher 
than that on direct current. However, the latter 
condition can seldom be obtained in a motor design 
which is satisfactory in other respects. 

It is now apparent that, to get like performance on 
alternating and direct current, the reactance voltage 
must be low and the difference between the flux on 
direct current and alternating current must be de- 
creased wherever possible. The difference in magnetic 
flux produced by a given value of direct current and 
that produced by an equal value of alternating current, 
can be changed only slightly by changes in the material 
used or in the design of the parts. The reactance 
voltage can be reduced or increased within certain 
limits by changes in design. As mentioned before, 
the major part of the reactance voltage is produced by 
the field flux passing through the field winding. By 
keeping the product of the field turns times the flux 
to a low value, the reactance can be kept proportionally 


low. ‘This results in what is usually termed a “weak 


field’? motor. Now a weak field in an ordinary d-c. 
motor permits the field to be distorted by the ampere- 
turns in the armature, resulting in a tendency towards 
poor commutation and greater changes in speed with a 
given change in load. Identical conditions exist in a 
concentrated pole, non-compensated, universal motor. 
However, it is necessary to keep the reactance voltage 
low to prevent the speeds from becoming too low on the 
higher a-c. frequencies. Within a certain range of 
speed and h-p. ratings, the reactance voltage can be 
made low enough to keep the speed variation within 
reasonable limits and at the same time secure satisfac- 
tory performance from the motor. Much has been 
done in the matter of improving the commutation of 
weak field motors by improvement in the grades of 
carbons and by better motor design. When, in a 
desired rating, the horse power is too high or the speed 
too low to obtain satisfactory operation with a non- 
compensated motor a compensated.motor is used. 
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In the compensated motor there is a series winding 
having a magnetizing force equal and opposite to the 
magnetizing force of the ampere-turns in the armature. 
This tends to eliminate field distortion and the re- 
sulting bad commutation. When the field distortion 
has been eliminated, a very weak field can be used with 
a resultant decrease in reactance voltage and the 
corresponding decrease in variation in speed for 
change in frequency. Due to mechanical reasons, it is 
impossible to distribute the compensated windings so as 
to exactly compensate for the ampere-turns in the 
armature. It is this lack of exact compensation which 
limits the horse power and speed to be obtained in the 
compensated type of universal motor. 

Two types of stator windings are used in the com- 
pensated motor: In one type, two distinct field windings 
are employed. The compensating winding, which has 
just been referred to, is equal and opposite to the 
effective ampere-turns in the armature and is dis- 


tributed to correspond to the armature winding.: 


The main field winding is located 90 electrical degrees 
from the compensating winding and produces the 
working field. This winding usually occupies just two 
slots per pole. In the other type of field winding but 
one distributed winding is used. By shifting the 
brushes to the proper position, the armature ampere- 
turns are opposed by a certain portion of the field 
ampere-turns and the remaining portion of the field 
ampere-turns produce the working field. 

When the two-winding type of stator winding is 
used, the brushes are located on the neutral with 
reference to the main field winding. This permits the 
direction of rotation to be reversed by reversing the 
main field. When assembling this type of motor, the 
brushes can easily be set in the proper position by 
applying alternating current to the compensating 
winding and operating the motor as a repulsion motor 
by short-circuiting the brushes. When the brushes are 
so set that the armature field is. directly opposite the 
compensating field there will be no tendency in the 
armature to rotate. When the brushes are moved 
slightly from this position, the armature will turn in the 
direction in which the brushes have been moved. 
The brushes are in the correct position when the arma- 
ture field is directly opposite the compensating field. 

When designing a motor using the one-winding type 
of stator winding, if certain limiting proportions of field 
and armature turns are adhered to, it is possible to get 
exactly the same conditions as to compensation and 
main field as is obtained when using the two-winding 
type of stator winding. However, due to the restric- 
tions in regard to relative strength of armature and 
field, it is difficult to get complete compensation for 
certain ratings. The fact that the brushes are located 
off of the neutral of the field winding makes it neces- 
sary, in order to get compensation, to shift the brushes 
when the direction is changed. This makes this type of 
motor unsatisfactory for reversing service. 


The two most difficult problems in the manufacture. 
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of these’ high-speed motors, is that of obtaining good 
commutation and good mechanical balance. In addi- 
tion to these, it is necessary to have all parts of thearma- 
ture well made so that they will withstand the larger 
centrifugal force which is present when the motor is 
operating at the high speed to which it will be subjected. 

Aside from the usual commutating conditions which 
are encountered in the ordinary d-c. motor, there is a 
transformer voltage generated in the short-circuited 
coil by the alternating main field flux. This trans- 
former voltage is one of the chief causes of commutation 
trouble, and poor mechanical balance causes sparking 
at the commutator due to the inability of the brushes to 
make good contact with the commutator when the 
armature is vibrating at high frequency. In addition to 
this it will be realized that, in motors running at speeds 
around 10,000 rev. per min., the time permitted for the 
current to reverse in the coil while it is being commu- 
tated, is very short. In an ordinary vacuum-cleaner 
motor, this reversal of current in the coil being com- 
mutated must be accomplished in one-half of 1/1000 
of asecond. The fact that the coilis short-circuited for. 
such a short time determines, to a certain extent, the 
amount of short-circuit current which exists in the coil. 

When considering the mechanical balance, the 
unusual speed of these motors must be kept in mind. 
Referring again to the ordinary vacuum-cleaner 
motor, we find that the centrifugal force acting on an 
object at the surface of the armature when the motor 
is operating at normal speed, isapproximately two thou- 
sand times the weight of the object. Asan example, ifa 
piece of No. 20 wire, 11% in. long, were placed at the top 
of the armature slot, the centrifugal force acting on the 
wire would be equal to the total weight of the armature. 
With this in mind, it is quite obvious that the weights in 
the armature must be thoroughly balanced or there will 
be excessive vibration and excessive pressure on the 
bearings. The usual static balance of armatures 
improves any unbalance that may exist due to the 
uneven distribution of the windings or due to there 
being a slightly heavier coat of armature insulating 
varnish in one place than in another. However, if 
when balancing an armature statically the correction 
of weight is made at the end of the armature opposite 
that at which the unbalance exists, there is still a very 
bad condition of dynamic unbalance which will be 
destructive to bearings and brushes and cause the motor 
and driven appliance to be noisy. This condition can 
be eliminated only by very careful dynamic balancing. 

The results which may be obtained by using extreme 
care in designing and manufacturing are shown by tests 
made on a particular vacuum-cleaner motor. This 
motor was so designed, electrically, as to get the best 
commutating conditions, and accurate dynamic balance 
was obtained. At the end of a 5000-hour endurance 
run, the indicated total brush life for one set of brushes 
was 9000 to 10,000 hours. As stated, this motor was 
very carefully built and such motors could not be pro- 
duced commercially due to the increased manufacturing 
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cost. However, the tests on this motor did show the 
_ results of careful design and dynamic balance. There is 
no need in vacuum-cleaner service for a motor such as 
the one described. If a vacuum cleaner were used 
continuously two hours per week, which is probably the 
average, the total hours run per year would be approxi- 
mately one hundred and the total life of one set of 
brushes would be 100 years. It is quite obvious that 
it is not necessary to go to the expense of building a 
motor of this quality when it is impossible for the driven 
appliance to remain in service such a great length of 
time. However, it must be remembered that the brush 


hife which has ordinarily been obtained in vacuum- 
cleaner motors has not been equal to the life of the 
vacuum cleaner. The vacuum cleaners being built 
today are of better quality than those of several years 
ago and are standing up better, with the result that 
better motors must be supplied. It is such tests as the 
one just mentioned which are pointing the way to 
better motors and are actually bringing about results in 
- the commercial motors now being supplied for vacuum- 
cleaner service. 


Vacuum cleaners and portable drills have already 
been mentioned as very satisfactory applications for 
universal motors. In addition to these, there are many 


other applications in which universal motors are being 


used. In many cases, the motor parts are supplied to 
the appliance manufacturer and built into his appli- 
ance. In other cases, complete motors, such as the 
one of which a part cross section view is shown in Fig. 5, 
are used to drive the appliances. Some of the devices 
to which these motors have been applied are advertising 
machines, portable, motion-picture machines, dish 
washers, hair clippers, sewing machines, drink-mixing 
machines, small ventilating fans, hair driers, pipe 
threaders, small grinders and small wood shapers and 
routers. This is a rather varied list of applications and 
the variety and number of applications are growing 
daily. 


Discussion 


W. L. Smith: I wish to emphasize the fact that on these 
little motors there is one thing that I believe is very important 
and that is that the greatest care should be given to perfection in 
insulation. 


H. W. Hills: We can’t blame the insulation for all trouble, 
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for, because of the way these machines are used, the insulation 
becomes oily and hard and even the best insulation, after being 
subjected to such conditions, will eventually fail. The only 
thing to do is to provide a good ground on the machine itself. 
This can easily be done by incorporating a third wire for a 
ground wire along with the two supply wires. This ground wire 
can be attached to ground while the machine is in operation. 

L. C. Packer: Recently the underwriters have specified 
insulated brushholder screws for commutator motors. That is 
a point that the appliance manufacturers have stressed a good 
bit, and the underwriters have specified certain design points 
that must be adhered to. Insulation of brush-holder screws 
is one very important item, especially in vacuum-cleaner 
and sewing-machine motors. 

There is another point about the insulation. Most of the 
manufacturers of this type of motor test to ground at 1200 or 
1400 volts, on a standard 110-volt motor. The motor itself 
is Just as well insulated as higher types of motors. Most of the 
grounds are caused during the assembly of parts by the appliance 
manufacturers in grounding the connections against the frame: 
sometimes the insulation is pinched off the leads in assembly. 

C. A. Adams: I should like to ask Mr. Packer how he ean 
get substantially 100 per cent power factor. 


L. C. Packer: In the compensated motor the field is usually 
fairly weak and its reactance voltage comparatively low; that is, 
from 10 to 20 volts on 25 cycles at rated load. The equivalent 
values on 60 eycles are 24 to 48 volts. The average motor, 
of course, will have about the average value between these 
figures. For illustration in an average design the reactance 
voltage due to the field is 15 volts on 25 eyeles, and 36 volts on 
60 eyeles. Then suppose we work the motor over a range of 
load such that the value of reactance voltage would be from 10 
to 20 on 25 eycies, and from 24 to 48 .on 60 eyeles. Since the 
reactance voltage varies directly with the flux, these values 
represent considerable change in load. 


Since the true working voltage is the vectorial difference 
between the line and reactance voltages and since the power 
factor is equal to the true working volts divided by the line 
volts, it can be seen that it takes quite a material change in re- 
actance voltage to show much change in power factor and it 
also takes a comparatively large amount of reactance voltage 
to drop the power factor an appreciable amount below unity. 

As a rule, the power factor of the non-compensated type of 
motor is much lower than that of the compensated type. There 
is no compensating field; therefore, it is necessary to use as 
strong a main field as possible to keep down the distortion. 
This of course results in higher reactance voltage and lower 
power factor, which varies with different designs. There may be 
cases where the field may be comparatively weak, resulting in 
very good power factor, and again in cases of very low horse 
power rating at low speeds, the power factor may be as low as 
70 per cent. 

The reactance voltage in the armature is small compared with 
the reactance of the field of the non-compensated motor, and 
although larger in proportion to the main field in the com- 
pensated motor, in neither type has it much effect upon the 
ultimate result. For commutation reasons, however, it should 
be kept as low as possible. 


In going through the complete design you would, of course, 
inelude all of the reactance voltages, even though some of them 
were negligible. 


The air-gap in these motors is about 0.015 in. to 0.020 in. 
(single air-gap). The very small motors of cheaper design have 
from 0.020-in. to 0.025-in. and as much as 0.032-in. single air-gap, 
due to the fact that the appliances using them, in most cases, 
must be low in price, thus requiring cheap motors. The large 
air-gap permits of cheaper bearing design and lowers manufactur- 
ing costs. j 
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Synopsis.—Underground cables for transmission of power 
at 33,000 ft. and above have only recently come into use in America, 
or received much attention here. In connection with such cables 
suitable terminals are necessary and present an important problem 
in high-voltage design. 

A marked tendency is noted toward the oil-filling of cable joints; 
terminal conditions make this procedure both logical and desirable. 

Dielectric strength must first be specified, and should exceed that 
of the cable; flashover should occur without puncture; lightning 
voltages should be guarded against in the design. Proper d-c. tests 
are still undetermined for various combinations of solid and liquid 
dielectrics, and a rigid practise can not yet be established with as- 
surance. At present, high-voltage cable lines are intended for a-c. 
operation, and safety factors should be determined for that kind of 
service. High-voltage d-c. operation may come into practise later, 
and research in d-c. testing should be pushed. 

Standard ratings of terminals are proposed, corresponding to 
the accepted standard ratings for other high voltage apparatus. 
Consistency with other terminal insulation, such as apparatus 
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ITH the introduction of lead-encased cables into 

the field of high-voltage power transmission, 

there has arisen the necessity of providing, at the 
ends of these cable lines, suitable terminals or end-bells, 
capable of maintaining safe connection between the 
cable and the apparatus or the overhead line with which 
it is to operate. Three-conductor, 33,000-volt cables 
have been used in this country for only a few years, and 
the number of such installations is still small. Opera- 
tion of single-conductor cable lines at higher voltages is 
still more recent. Interest in high-voltage power trans- 
mission over cable lines has been rapidly increasing be- 
cause of the large blocks of power which it is necessary 
to deliver through congested urban sections, and which 
cannot be handled on overhead lines. At present there 
is active interest in cable for 132,000-volt operation and 
a reasonable prospect of attaining this rating in the not- 
far-distant future. This rapid increase in cable voltage 
has led to an intensive effort in the development of the 
necessary joints and terminals for these higher voltage 
cables. It is the purpose of this paper to present some 
of the results of this work as related to the problem of 
terminals. 


TENDENCY TOWARD OIL FILLING 


There is evident in the development of _ high- 
tension cable joints a definite tendency toward oil 
filling, 7. e., complete filling of the enclosing shell 
with a fluid oil under sufficient pressure from 
auxiliary reservoirs to eliminate all voids or pockets 
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bushings and line insulators, is desirable. Cable insulation may 
eventually experience similar standardization. The method of 
rating single-conductor and three-conductor cables should be 
harmonized, and both based on operating-line voltage. 

Four typical designs of high-voltage cable terminals are described 
representing a carefully worked out and effective solution of the 
problem. These are (a) 37,000-volt three-conductor; (b) 50,000- 
volt single-conductor; (c) 73,000-volt, single-conductor; and (d) 
110,000-volt single-conductor. Flashover tests and time tests, corre- 
sponding to breakdown and endurance tests on equivalent cables, are 
reported to illustrate the ability of the terminals to withstand factory 
and field tests on the cables, and to show the ample factors of safety 
under operating conditions. Results of an experimental installa- 
tion of the 110,000-volt terminals demonstrate the safety of the 
design, predicted from calculations and confirmed by laboratory tests. 

For temporary testing purposes these oil-filled terminals are most 
convenient and economical, and contribute to the uniformity and 
reliability of the results in cable testing, which are the factors of 
greatest importance. 


within the joint. The use of hard compounds is 
accompanied with certain well-known and _ serious 
disadvantages, among them being the shrinkage upon 
cooling which leaves unfilled cavities, separation from 
the surfaces of the insulating materials thus inviting 
local breakdown, and incomplete sealing of the joint 
against entrance of moisture through holes in the shell 
and the lead wipes. These disadvantages are effect- 
ively corrected by the use of a fluid filler under pressure. 


The tendency toward the oil-fillmg of cable joints 
has already received expression by the substitution of 
softer compounds as fillers in place of the harder com- 
pounds commonly used with the lower voltage joints. 
Of the soft compounds petrolatum is the most common, 
while in one or two prominent cases a mixture of transil 
oil and petrolatum has been employed. Auxiliary 
pressure reservoirs of several types have been advocated 
and used to maintain complete filling of the joints. 
The use of these softer fillers has been fully justified by 
the results obtained, and these point the way to the 
oil-filled joint as a logical and promising solution of 
splicing in high-tension cable lines. 


. TERMINAL CONDITIONS 


From similar considerations the oil-filled terminal 
is the logical solution of the problem of insulating the 
ends of high-tension cables. In two prominent particu- 
lars the terminal offers a simpler problem than the 
joint, in that space limitations are largely removed, and 
the bared conductor does not have to be enclosed 
within grounded metal. On the other hand, the 
terminal presents difficulties not met with in joint 
design, since it combines the joint problem of insulating 
the cable end from the sheath by solid and liquid dielec- 
trics, with the further problem of insulating it at the 
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same time from the sheath through the air. There is 
also the greater temperature variation, and complete 
exposure to the elements. In addition to these physical 
differences, the location of a terminal at the junction 
point between underground cable and overhead line 
may at times impose far greater potential strains upon 
its insulation than most of the cable system is ever 
called upon to withstand. The cable terminal in 
general, therefore, is subject not only to those potential 
stresses originating or developing within the cable 
system, but also to those stresses occurring in the 
overhead system as well, including lightning. This 
latter source of over-voltage stress is usually far more 
destructive to solid insulations than to liquids. The 
use of oil in a cable terminal offers the best-known means 
of dealing with the lightning problem, at the same time 
contributing very effectively to the quality of. the 
cable near the terminal by serving as an oil reservoir. 


DIELECTRIC TESTS 


The dielectric strength is the first feature of the 
design to be determined. Obviously the terminal must 
be able to withstand all tests applied to the cable after 
installation. This it might do but still be weaker than 
the cable. Properly, it should be stronger than the 
cable so that it will not fail at any voltage, either mo- 
mentary or sustained, which the cable can withstand. 
By failure is meant internal breakdown. The internal 
strength should be greater than external flashover, the 
value of which should be consistent with the flashover of 
bushings on connected apparatus and insulators on 
connected lines. The desirability of flashover without 
puncture in the case of bushings and insulators is well 
established, and the same should be true of cable 
terminals. The terminal, therefore, should be able to 
withstand both the short breakdown tests and the 
longer time tests, it should flashover externally without 
internal failure at normal frequency, and it should be as 
nearly lightning proof as possible. 

In the foregoing paragraph, alternating voltages have 
been in mind. Of course, where d-c. testing is employed 
the terminals must be able to withstand the applied 
d-c. voltages. Whether this means a greater strength 
than for a-c. testing will depend largely upon the kind of 
insulation and the ratio of d-c. to a-c. voltage. The 
proposed ratio of 2.4 is probably not far from correct 
for cable paper; for oil a smaller ratio exists, nearer 
1.5; and for a combination of oil and paper an inter- 
mediate ratio would probably apply, expected to vary 
with the proportions of these materials. At present, 
data on the strength of various materials under high 
direct voltages are too meager to draw definite conclu- 
sions or establish a rigid practise. It should be re- 
membered, however, that the terminals and cable are 
to operate with alternating current, and it is of first 
importance that they withstand a-c. potentials suc- 
cessfully. The difficulties of applying a-c. tests to long 
lines of high capacitance will encourage the use of d-c. 


EBY: OIL-FILLED TERMINALS FOR HIGH-VOLTAGE CABLES 


593 


testing equipment; and some cable lines installed at 
first for a-c. operation may even experience later on a 
conversion to d-c. operation. Research in d-c. testing 
must, therefore, be pushed vigorously, in order that only 
proper d-c. tests shall be employed. It is not unlikely 
that both -kinds of tests will become a part of the 
designer’s check upon his product. 


STANDARD RATINGS 

In order that both manufacturer and consumer may 
benefit by standardization of parts and designs, stand- 
ard ratings should be adopted and designs developed 
accordingly. It seems logical that the standard voltage 
ratings for high-tension apparatus should .apply to 
cable terminals as well. This would harmonize ter- 
minal design with that of bushings, insulators, switches, 
metering transformers and lightning arresters. Stand- 
ard ratings, as shown in the following tabulation, are 
already in general accepted use for these devices. 


15,000 88,000 
25,000 110,000 
37,000 132,000 
50,000 154,000 
73,000 220,000 


These ratings, when applied to cable terminals, 
should represent the practise for both Y and delta 
circuits, grounded and ungrounded, except as modified 
for other apparatus using terminal insulators. The 
cable should not be equipped with terminals of lower 
flashover voltage than that of the bushings of trans- 
formers, circuit breakers, and lightning arresters con- 
nected thereto. 

Intermediate ratings of cable may be found neces- 
sary for economic reasons. This will not prevent the 
use of standard terminals, however, which is highly 
desirable so that their line-to-ground flashover strength 
shall not be inferior to other apparatus on the system. 
It is already generally recognized that the insulation of 
apparatus located at different points on a high-tension 


system should have a uniformly high value, even though 


some of the apparatus is located on a part of the system 
normally operating at lower voltage than another part. 
Cable insulation may eventually experience this same 
standardization. 

This proposed standardization of voltage ratings 
of terminals for high-tension cables emphasizes the de- 
sirability of a uniform practise in applying voltage 
ratings to the cables themselves. Three-conductor 
cables are rated in terms of line-to-line voltage and their 
tests determined by this rating. In the case of single- 
conductor cables, however, it has been the practise to 
determine their test voltage on the basis of their working 
voltage between conductor and sheath. This has often 
resulted in the working voltage from conductor to sheath 
being used as an expression of the operating voltage, 
whereas in the case of all other apparatus the operating 
voltage is understood to be the voltage from line to line. 
It would appear rather inconsistent to rate single- 
conductor terminals in terms of the working voltage of 
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the cables, as this would give the terminal an entirely 
different rating from the other apparatus to which 
it will be connected. For example, a single conductor 
cable for a 50,000-volt system, although its working 
voltage is 28,900 volts, should have a terminal whose 
rating is 50,000 volts. Furthermore, if the cable and 
its terminals are to have their voltage ratings determined 
on the same basis, both would properly be assigned a 
rating of 50,000 volts. 


TYPICAL DESIGNS 


In light of the foregoing considerations, a careful 
study of.the high-voltage cable terminal problem was 
made, which resulted in certain definite design features, 
including oil filling. To illustrate the principal fea- 
tures of these oil-filled terminals, four sizes will be 
described; (a) 37,000-volt, three-conductor, correspond- 
ing to the highest rated satisfactory three-conductor 
cable yet produced, viz., 33,000 volts; (6) 50,000-volt 
single-conductor, applicable to the lowest rated single 
cables above the present three-conductor range; (c) 
73,000-volt, single-conductor, corresponding to the 
highest rated single cable in practical operation in this 
country; and (d) 110,000-volt, single-conductor, as now 
being used in the highest voltage experimental cable 
installation thus far undertaken. Terminals of this 


Fra. 1—37,000 Vout, Turen-Conpuctor, O1L-FitLED TERMINAL 
FoR LEaD-CovERED CABLE 


last rating were used also in the elaborate series of tests 
conducted by the Electrical Testing Laboratories of 
New York at the Pittsfield Works of the General Elec- 
tric Company during the summer of 1924, when several 
manufacturers contributed samples of their best efforts 
toward 132,000-volt cable. 

37,000-volt three-conductor terminal. This design is 
illustrated in Fig. 1. The three insulators are in the 
same plane, an arrangement which makes the tank very 
much larger than a triangular arrangement, and the 
spread of the insulators twice as great; but it lends itself 
readily to wall or pole mounting. Sufficient space in 
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the tank has been allowed for transposition of con- 
ductors for phasing, without intermediate link connect- 
ors. No side opening in the tank is necessary, as the 
insulators and cover are removable. The insulators are 
of wet-process porcelain formed in one piece, with 
smoothly ground ends, against which bakelized cork 
gaskets are compressed by means of the metal clamp- 
ing rings cemented around the ends of the porcelain. 


2e/y 2e1s 


Fig. 2—Drawinea SHowine ConstrucTION oF 37,000- 
Vout, Turee-Conpuctor O1L-FItLeED TERMINAL FOR LEAD- 
COVERED CABLE 


The glass cylinder mounted above each insulator serves 
as a sight glass registering the level of the oil with which 
the terminal is filled. An auxiliary reservoir should be 
provided in connection with a tank of this size, to care 
for the expansion of the large volume of oil,—in this 
case about 22 ‘gallons. The lower end of the iron tank 
is flanged and bolted to the brass-wiping sleeve. The 
joints here and from tank to cover, as well as at the 
ends of the porcelain insulators and glass gages, are 
made oil-tight with treated cork gaskets. Filling and 
draining is accomplished through a pipe connection to the 
wiping sleeve. ' 

The internal construction is shown in Fig. 2. The 
cable sheath terminates just within the wiping sleeve. 
A thin copper band slipped under the end of the lead 
protects the paper from sharp edges and damage in 
soldering. The belt insulation is removed in steps, 
and the three conductors separated and spaced by a 
porcelain block. A reenforcement of insulating tape 
is built up around the outside of the three conductors 
to give predetermined shape and dimensions, so chosen 
as to secure a safe distribution of both radial and lateral 
stresses. Upon the lower portion of this reenforeement 
is wound an overlay of metal tape, soldered at the lower 
end to the cable sheath. The upper end of this metal 
overlay approaches close to the inner surface of the 
wiping. sleeve, which then recedes from the reenforce- 
ment and the conductor insulation to meet the lower 
flange of the tank. The shape of these metal surfaces 
vitally influences the potential stresses radially and 
laterally, and largely controls the circumferential 
stress around the conductor insulation, which seems to — 
be a large factor in so-called crotch failures. 
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Above the reenforcement, the conductors pass in 
gentle curves to porcelain tubes mounted in a treated 
wood support, and thence in straight lines to the termi- 
nal studs soldered to their bared upper ends. Fairly 
close fitting paper tubes preserve the concentric aline- 
ment of the conductors within the grounded metal 
shields in the cover. These shields present a smooth, 
uniform and definite surface to the electric field from 
the conductors, and also serve to improve the potential 
distribution on the external surface of the porcelain 
shells. 


The terminal stud at the end of each conductor is 
locked in place by a double-threaded nut in the recessed 
depression of the top washer. A terminal cap engages 
with the stud and seals the top against moisture by an 
enclosed cork gasket. External connection is made 
through attachment to the threaded stud extending 


Fig. 3—FuasHuover Test at 170,000 Votts rrom Cap-to- 
Car on 37,000-Voutts, THreE-Conpuctor O1L-FinLtep TERMI- 
NAL FoR LEAD-COVERED CABLE 


from the top of the terminal cap. A drain cock in the 
top washer above each gage glass permits the escape 
of air during filling of the terminal with oil. 

Samples of this terminal have been tested with three- 
phase potential to flashover at 170,000 volts, from cap 
to cap, as shown in Fig. 3.. The flashover voltage from 
cap to case is about 150,000 volts. Time tests have 
been made at 76,000 volts for seven hours, followed by 
100,000 volts for four hours. Subsequent examination 
failed to disclose any signs of deterioration. 


While such terminals for three-conductor cables are’ 


perfectly practicable from the standpoint of design, they 
have some disadvantages in installation, cost, and 
maintenance, that encourage the use of single-con- 
ductor terminals on short single cables spliced to the 
three-conductor cable, a short distance from the end of 
the line. This practise is likely to displace the former 
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for sound technical as well as physical reasons. Witha 
length of single cable at the end of the line, extra 
insulation may be provided against the higher stresses 
in a connected overhead line, or, due to proximity to 
reflection points in connected apparatus. Single termi- 


Fie. 4—50,000-Voitr SinaiE-ConpucTor O1L-FILLED CABLE 
TERMINALS WITH Txst PiEcE or 20/32 In. Paper INSULATED 
Leap-CoverrepD Caste. Ricut-Hanp TERMINAL DISMANTLED 
TO SHOW CONSTRUCTION 


nals which can be mounted directly underneath over- 
head lines of greater spacing than the three-conductor 
terminal would have, are much smaller and lighter in 
weight and hence easier to handle, and require much 


less oil for filling with consequently less expansion 


WEW IN DIRECTION 
OF ARROW 


Fig. 5—Drawine SHowinae Construction or 50,000 Voir 
SingLE-Conpuctor OiL-Finruep TERMINAL FOR LEAD-COVERED 
CABLE 


capacity in the oil reservoir. The glass gage at the top 
of the single type of terminal is sufficient for the expan- 
sion of the oil in the terminal itself. Single-conductor 
terminals for higher voltages are described in the follow- 
ing paragraphs. Designs for the lower voltages where 
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three-conductor cables are used, as at 22,000 volts and 
33,000 volts, have been worked out along the same 
lines. 


50,000-VOLT SINGLE TERMINAL 


This design is illustrated in Fig. 4. In this case 
the wiping sleeve and support are in one piece, the 
latter taking the form of a square flange for bolting to 
horizontal brackets. The one-piece porcelain shell is 
cemented into the clamping ring at its lower end, and 
into the recessed cap at its upper end, with cork 
gaskets in the joints. The cap shown in the illustra- 
tions was designed for petrolatum-filled terminals; 
for oil-filled terminals a glass gage would be used to 
give a constantly visible indication of the oil level. 
The connection details at the top are similar to those 
described for the 37-kv. terminal. 


The internal construction is shown in Fig. 5. The 
lead sheath terminates, as before, just within the wiping 
sleeve, and the copper band is inserted under the edge of 
the lead. A reenforcement of insulating tape is ap- 
plied directly upon the cable insulation, and the lower 
end of this reenforcement is overlaid with a metal tape 
up to its greatest diameter. The reenforcement pro- 


Fig. 6—FuasHover Test at 190,000 Vouts on a 50,000- 
Voutr Sinete-Conpuctror O1-Fintep TERMINAL FOR LEAD- 
CovERED CABLE 


jects above the support flanges and within the grounded 
metal shield, with dimensions so chosen as to keep the 
radial and lateral stresses within safe values. A paper 
cylinder surrounding the conductor insulation, and 
spaced from it by means of narrow strips of press-board 
keeps the conductor straight and concentric within 
the ground shield, and divides the oil space into cylin- 
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drical ducts, thus increasing the insulating value of the 
oil, and directing its circulation. 

Samples of this terminal assembled with 500,000-cir. 
mils 20/32 in. paper cable! have received repeated flash- 
over tests at an average of 190,000 volts, as shown in 
Fig. 6, and have subsequently withstood, in consecutive 
order, the combination of all the several cable tests 


Fig. 7—Two 73,000-Voitr Sinete-Conpuctor OiL-FILLED 
TERMINALS FOR Leap-CovERED CaBLE, ASSEMBLED WITH 
Test Prece or 66,000 Vout, 30/32-In. Paper INSULATED CABLE 


for 40,000-volt, cable taken from the proposed Edison 


specifications, as follows: 
114,000 volt for 5 min. 
71,000 volt for 15 min. (full reel test) 
57,000 volt for 8 hours (high voltage time test) 
No disturbance of any kind developed during these 
tests, and no deterioration could be observed upon later 
examination. 


(breakdown test) 


73,000-VoLT SINGLE TERMINAL 


In Fig. 7 there is shown the terminal developed for 
use with 66,000-volt cable. In external appearance 
and construction it closely resembles the 50,000-volt 
terminal just described. Internally, the only promi- 
nent difference is in the insulating of the metal ground 
shield by embedding its upper end in varnished cambrie 
supported directly upon the paper cylinder. Perfora- 
tions through the flange of the ground shield permit 
downward flow of.the circulating oil in the duct out- 
side of the cylinder. These details and the general 
construction are illustrated in Fig. 8. 

A typical flashover test on this terminal at 290,000 
volts is shown in Fig. 9. Time tests on sample termi- 
nals have been made at 200,000 volts for several hours. 
These terminals have also been used with great satis- 
faction in making time tests on samples of 30/32 in. 


1. Cable of this size and insulation is being installed at 
Columbus, O., for operation at 40,000 volt, three-phase. 
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paper cables at 200,000 volts and in one instance, a test 
of 225,000 volts for 36 hours was made on such a cable 
with no terminal trouble. 


3° 7$- 


VIEW /N 
DIRECT/ON 
OF ARROW 


Fig. 8—Drawine SHowIne Construction oF A \73,000- 
Voir Sineun-Conpuctor O1L-FintEep TrRMINAL FOR LEAD- 
CovERED CABLE 


110,000-VoLT SINGLE TERMINAL 


The terminals shown in Figs. 10, 11 and 12 were 
developed first for testing of cables having 30/32 


Fig. 9—FuasHover Test at 290,000 Votts on a 73,000 
Vout SIneLE-ConpucTor O1n-FInunED TERMINAL FOR LEApD- 
CovERED CABLE 


in. paper insulation, to determine how near an 
approach had been made to a safe and reliable 
182,000-volt cable. For economy and convenience 
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in assembly, the wiping sleeve is separate from the 
horn-shaped support casting, with a cork gasket be- 
tween bolted flanges to form an oil-tight joint. A re- 
enforcement of insulating tape encircles the cable 
insulation from the termination of the lead sheath to a 


Fie. 11—110,000-V oir Srv- 
GLE-ConpDucToR O1-FILLED 
TERMINAL FOR LEAD-COVERED 
CaBLE, SHOWING TERMINAL 
REMOVED FROM CABLE, Ex- 
POSING REENFORCEMENT OF 
CaBLE INSULATION 


Fig. 10—110,000-Vour Sin- 
GLE-ConpucToR O1L-FILLED 
TERMINAL FOR LEAD-COVERED 
CABLE 


point opposite the top of the ground shield. Radial 
and lateral stresses are controlled as before by this re- 
enforcement, together with the configuration of the 
enclosing metal. A bare ground shield is possible by 


2M LD gig ibis si ses 


Fig. 12—Two 110,000-Vouit Sinete-Conpuctor O1-FinLEep 
TERMINALS FOR LrAD-COVERED CaBLE, ASSEMBLED WITH 
Two Pieces or 30/32 In. Parpr-INsuLATED CABLE SPLICED 
WITH AN O1L-FILLED JOINT 


reason of its diameter, and two paper cylinders break 
up the oil space into vertical ducts. In addition to the 
ground-shield, a terminal-shield is provided inside the 
upper end of the porcelain shell to improve the potential 
distribution along the outside surface of the porcelain. 
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The porcelain shell and its two clamping rings, and 
the glass oil-gage and the two adjacent castings are 
borrowed without change from the standard inter- 
changeable oil-filled bushing for transformers, oil 
circuit breakers, and lightning arresters, and illustrate 
again the value, and convenience of standardized 
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VIEW IN 
QURECTION 
OF ARROW ™ 


Fig. 14—F.LasHover TEST 
at 400,000-V out on a 110,000- 
Vout SINGLE-ConpucToR OIL- 
Fintep TERMINAL FOR LRAD- 
CovERED CABLE 


Fic. 13—Drawinec SHOWING 
ConstrucTION OF A 110,000- 
Vout SINGLE-CONDUCTOR OIL- 
Fintep TERMINAL FOR LBEAD- 
CovERED CABLE 


material. The details are shown in Fig. 13. The 
construction is such that, with the exception of the top 
connector and the wiping sleeve, this terminal may be 
assembled complete before installing over the prepared 
end of the cable. This is of great advantage in a ter- 
minal of this size and weight, which must be handled 
with a hoisting tackle of some kind. During installa- 
tion the long stud, into which the end of the cable is 
soldered, is passed through the tube in the top of the 
terminal and secured at the proper elevation by a lock 
nut above the cover casting. The wiping sleeve is then 
raised into position, bolted to the support casting, and 
wiped to the lead sheath. 

In the tests on the proposed 132-kv. cable, for which 
this terminal was first developed, it successfully with- 
stood the breakdown tests up to its flashover voltage of 
350,000 volts. ‘These breakdown tests were made, as 
usual, by starting at some predetermined voltage, and 
increasing in 10 per cent steps at short intervals. 
Momentary flashover voltages of 400,000 volts, as 
shown on Fig. 14, have since been measured on these 
same terminals, when raising the voltage steadily up to 
the flashover point. Time tests of six hours at 275,000, 
and eight hours at 240,000 volts were obtained on some 
samples of cable, the terminals functioning with com- 
plete satisfaction. With sufficiently good cable, it is 
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probable that time tests as high as 300,000 volts for 
eight hours could be made without trouble developing 
in these terminals. 

It is of very real practical interest, also, that an ex- 
perimental or trial installation of similar cable equipped 
with these terminals is receiving a service test on the 
110,000-volt system of the Adirondack Power and 
Light Company, at Albany, N. Y. Fig. 15 shows the 
installation. This piece of cable is lying exposed on the 
ground with the ends extending into the terminals, — 
which are mounted on a frame work several feet high. 
An auxiliary reservoir of oil maintains the oil in the 
terminals at the proper level, and supplies whatever 
absorption into the cable there may be. No current is 
carried by this cable, which fact, coupled with its 
exposure above ground, imposes a much more severe 
temperature variation than would be the case with a 
loaded cable buried in the ground. The test has been 
running now for four months (to Feb. 1, 1925), and the 
terminals have given no trouble whatever. 


TERMINALS FOR TESTING PURPOSES 


It may not be inappropriate to say a word about — 
the use of such terminals, as are here described, for 
temporary or testing purposes. While at low voltages 
it is usually sufficient to immerse the ends of the cable in 


Fig. 15—ExprrRIMENTAL 110,000 Votrs Caste UNDERGOING 
Fretp Test at NortH ALBANY STATION oF ADIRONDACK 
Powrr anp Liautr Corporation, Equipped witx 110,000- 
Vout SiIneLte-ConpucrTor O1rL-FILLED TERMINALS 


oil or compound, either in a tank or by means of cones of 
metal or paper surrounding the ends:of the cable, yet at 
higher voltages, such as more than 200,000 volts, such 
temporary methods often become both inconvenient 
and unsatisfactory in results. The oil-filled type of 
porcelain terminal, as described above, lends itself most 
admirably to testing purposes,” as well as to permanent 

2. See also paper on ‘Testing High-Tension Impregnated 


Paper-Insulated, Lead-Covered Cable’’ by Everett S. Lee, pre- 
sented at the Midwinter Convention A. I. E. E., New York, 


Feb. 9-12, 1925. 
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service installations. The preparation of the cable 
ends for assembly with the terminal is a simple and 
rapid process, the terminal parts are easily and 
accurately adjusted to the cable, the oil filling can be 
done without delay, and the testing can proceed almost 
as soon as the filling is completed. With equal facility, 
the oil can be drained, the terminal removed, and a new 
piece of cable prepared for test with the same set of 
terminals. Not only does this method speed up the 
work, but it makes necessary only a small amount of 
equipment, avoids the use of large tanks of oil, and 
saves the loss of much temporary material wasted in 
some methods of testing. Of even far greater impor- 
tance are the uniformity and reliability of results ob- 
tained, which factors are well nigh indispensible to the 
value of the test data on the cables themselves. 


Discussion 


A. O. Austin (by letter): There has apparently been a 
material improvement in potheads for high-voltage cable. 
There is no reason why a pothead cannot be made having any 
desired electrical characteristic, as the problem is not essentially 
different from making a high-voltage bushing. 

The accompanying illustration shows a type of pothead which 
is quite similar to that shown in Mr. Eby’s paper. This pothead 
was used for running tests on joints and cable for The Cleveland 
Electric Illuminating Company. 

These potheads have an appreciable diameter at the center and 
form a good reservoir for oil which may be fed into the cable. 
With potheads of this size it was not possible to flash them over 
without breakdown of the cable. 

In making the tests it was evident that if the cable was free 
from defects that high frequency had little or no effect. Since 
high frequency tends to magnify a defect, a much lower voltage 
may be used and I believe that in the end one of the most valu- 
able cable tests will be that made at high frequency. 
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If the faulty sections can be eliminated it will be a compara- 
tively easy matter to establish a high degree of reliability. In 
the potheads shown the stress is reduced to a very low value‘on 
the insulation surrounding the cable, as the cable projects up into 
the bushing. Henee, there is little or no danger of breakdown in 
the bushing. 


The potheads were so designed that it is not necessary to use a 
wiped joint, as a lead sheath may be clamped to the lower end of 
the pothead bell using a soft gasket. With this arrangement an 
installation can be made in a few minutes and there is no danger 
of damaging the insulation from heat. Pin holes caused by the 
leaking of oil through the wiped joint are also avoidable. 


Investigation of High-Tension Cable Joints 


BY«E. W: DAVIS: 


Member, A. I. E. E. 


Synopsis.—With suitable cable, the successful operation of 
a high-tension cable system depends on the joints between con- 
secutive lengths and this phase of high-voltage cable installation must 
recewe considerable attention in the near future. 

The essential properties of a good cable joint are: 

1. Simplicity of design 

2. High dielectric strength 

3. Low dielectric loss 

The dielectric strength of a joint, assuming proper care and 
method tn assembly, depends wpon the materials used. It does not 
necessarily follow that a joint with high dielectric strength will have 


and 
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low dielectric loss. Low dielectric loss is essential because of the 
high thermal resistance of the joint. 

Data is given from experimental tests carried out on seven different 
types of joints, four with 25,000-volt cable, and three with 33,000- 
volt cable. 

The joints were made up in the center of a ten foot piece of cable 
and dielectric loss tests made at various temperatures and voltages. 
Knowing the loss of the cable itself it was possible to determine the 
actual loss in the joint. In no case was this loss found to be lower 
than the loss of an equal. length of cable. 

The sample of cable with the joint in the center was then tested 
with high potential at room temperature. 


HE demand for cables to operate at high voltages 

has resulted in much research work being done by 

cable manufacturers, engineering societies, and 
operating companies, the result of which has been a 
material improvement in cables for such service. Di- 
electric losses have been decreased, dielectric strength 
increased, and insulating materials developed that are not 
seriously affected by operating temperatures. 

The constants of insulating materials are better 
known to-day than ever before, and cables can be de- 
signed for the normal operating voltages with greater 
assurance of success than would have been possible a 
few years ago. 

» There is, however, one phase of high-voltage cable 
installation that must receive considerable attention 
before satisfactory operation of high-tension cable 
systems can be assured. No matter how complete the 
design, how low the dielectric loss, or how high the di- 
electric strength of a cable may be, it is of little value if 
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Three-conductor, 300,000-cir. mil, sector conductor 
9/32-in. wall paper on conductors 
6/32-in. belt paper over three conductors 
9/64-in. lead sheath 


the joints between consecutive lengths are not equal in 
quality to the cable itself. 

We believe that the essential properties of a good 
cable joint are as follows: 

1. Simplex Wire & Cable Company, Boston, Mass. 


Presented at the Regional Meeting of Dist. No. 1, Swamp- 
scott, Mass., May 7-9, 1926. 


a. Simplicity of design 
b. High dielectric strength 
c. Low dielectric loss 
In this paper, there will be discussions of the last two 
essential properties of a joint as just named, assuming 
that the Simplicity of Design needs little orno discussion. 


34 WATTS PER FOOT 


10 15 20 25 30 35 

KILOVOLTS BETWEEN LINES 

Fig. 2—Drevecrric Loss—Turer-Poase Warts per Foor 
vs. K1Lovouts 


Three-conductor, 300,000-cir. mil, sector, 25,000-volt cable 


The dielectric strength and dielectric loss of a cable 
joint depend upon the insulating materials used, the 
method of application, and the exercising of extreme 
care in assembling. Low dielectric loss does not neces- 
sarily follow from the fact that a joint has high di- 
electric strength. 


The insulating material on a joint is usually consider- 
ably thicker than on the cable itself, which results in a 
greater thermal resistivity for the joint. Even though 
the joint has a greater heat dissipating surface than the 
cable, it can be readily shown that temperature of the 
joint, with normal copper loss and dielectric loss, would 
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be higher than that of the cable. Hence the necessity 
of making the dielectric loss of a joint as low as 
possible. 

The following experimental work was carried out on 
seven different types of joints for cables to operate on 
25,000 volts and 33,000 volts working pressure. The 
first four joints were made on a 25,000-volt cable, a 
cross section of which is shown in Fig. 1. 


HIGH-TENSION CABLE JOINTS 
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voltages as the temperature increases. Assuming that 
ionization is due to entrapped air, this phenomenon of 
the ionization point may be accounted for by the fact 
that the dielectric strength of air increases with increase 
of temperature and increase of pressure. 

The first joint constructed was of varnished cambric 
insulation with dimensions as shown in Fig. 3. 

The varnished cambric used was of the best grade, 
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3—CONSTRUCTION AND DIMENSIONS OF VARNISHED CAMBRIC JOINT 


Three-conductor, 300,000-cir, mils. sector, 25,000-volt cable 


A ten-foot length of the cable was placed in a rack, 
cut in two, and a joint constructed in the center of the 
length. The length, with the joint, was then put into a 
heat box and three-phase dielectric loss tests made at 
various temperatures and voltages. After the dielec- 
tric loss tests, the cable was removed from the heat box 
and dielectric strength tests made at room temperature. 

From data of dielectric loss tests of the cable itself 


3% WATTS PER FOO 
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4—Dievecrric Loss—Turen-PHase Watts PER Foor 
vs. KiLovouts 


Varnished cambric joint—three-conductor, 300,000-cir. mils, 
conductor 25,000-volt cable 


Fiaq. 


sector, 


and data of the dielectric loss tests of the cable with the 
joint, the dielectric loss of the joint only was calculated. 
Fig. 2 shows the results of dielectric loss tests on the 
cable. 
The loss curves plotted to logarithmic scale show a 
definite ionization point, and this point occurs at higher 


bias cut, black cloth with an average dielectric strength 
of 1100 volts per mil. It may be noted in Fig. 3 that a 
soaked linen tape was applied over the copper sleeve. 
This tape was of the kind commonly used by cable 
splicers, boiled out in petrolatum grease. After 
wiping on the lead sleeve, the joint was filled with a 
standard high-grade filling compound, sealed, cooled, 
and made ready for test. 

Fig. 4 shows the results of dielectric loss tests on the 
varnished cambric joint. The dielectric loss is ex- 
pressed in watts per foot of joint for convenience in 
comparing the values with similar values for the 
cable. 

It will be noted that while the ionization point of the 
cable occurred at from twenty to twenty-five thousand 
volts, (See Fig. 3), the ionization point of the joint 
occurred at the lower voltage of from fifteen to twenty 
thousand volts. 

Table I gives the ratio of three-phase dielectric loss of 
the joint and the original cable at 25,000 volts working 
pressure. 


TABLE I 


Ratio of Three-Phase Dielectric Loss 
- Varnished Cambrie Joint to that of Original Cable 
Three-Conductor, 300,000-Cir. Mil Sector Conductor 25,000- 
Volt Cable 


Ratio—Three-Phase 


Temperature Dielectric Loss Joint 


Deg. Cent. to Cable 
25 4/1 
40 yl 
60 6.6/1 


80 Cy 


After the dielectric loss tests; the following dielectric 
strength test was made at room temperature. 
(Approximately 25 deg. cent.) 
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No. 1 Conduetor vs. No. 2—No. 3 Conductor and Lead Sheath 
75,000 volts—five minutes 
100,000 volts—reached by 500-volt steps held: 30 seconds 
at each step. 
Return to 75,000 volts—30 minutes 


No. 2 Conductor vs. No. 1—No. 3 Conductor and Lead Sheath 
75,000 volts—30 minutes 

No. 3 Conductor vs. No. 1—No. 2 Conductor and Lead Sheath 
75,000 volts—180 minutes. 
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The dielectric loss of this joint is considerably lower 
than that of the varnished cambric joint, but still 
higher than that of the cable itself. The ionization 
point for this paper joint is higher than that of the 
varnished cambric joint—in fact, it occursat practically 
the same voltage as for the cable. 

The ratio of dielectric loss of the impregnated paper 
joint to that of the cable is shown in Table II. 
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5—COoNSTRUCTION AND DIMENSIONS OF IMPREGNATED PapnprR JOINT 


Three-conductor, 300,000-cir. mils, sector, conductor 25,000-volt cable 


The joint, after the high-voltage test, was cut open 
and examined, and there was no evidence of burning or 
charring of insulation. 

The second joint tested was of practically the same 
dimensions as the first, with impregnated paper for 
insulation. The dimensions and construction were as 
shown in Fig. 5. 


The impregnated paper used was a four mil tape, 
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Impregnated-paper joint three-conductor, 300,000-cir. mil, sector, con- 
ductor 25,000-volt cable 


kept immersed in cable compound in a sealed can until 
applied to the joint. The joint was filled with a paper 
cable compound. The results of dielectric loss tests on 
this joint are shown in Fig. 6. 


TABLE II 


Ratio of Three-Phase Dielectric Loss 
Impregnated Paper Joint to that of the Original Cable 
Three-Conductor, 300,000-Cir. Mil Sector Conductor-25,000- 
Volt Cable 


Ratio—Three-Phase 


‘Temperature Dielectric Loss Joint to 
Deg. Cent. Cable 
25 2.4/1 
40 2.3/1 
60 2.1/1 
80 PA fl 


After the dielectric loss, the following dielectric 
strength test was made at room temperature—Single- 
phase voltage. 


No. 1 Conductor vs. Nos. 2-3 and Lead Sheath 
75,000 volts—five minutes - 
100,000 volts by 5000-volt steps held 30 seconds at each step. 
Return to 75,000 volts—30 minutes 
No. 2 Conductor vs. Nos. 1-3 Conductor and Lead Sheath 
75,000 volts—173 minutes when breakdown occurred. 


Internal discharges were heard at the end of 160 
minutes. ‘These discharges grew gradually more fre- 
quent and severe until breakdown occurred. 

Examination of the joint after breakdown showed the 
failure occurred 934 inches from the center of the joint. 
Severe burning was evident from the end of the copper 
sleeve along the conductor and up the insulation pen- 
ciling. The paper on the joint showed burned spots at 
many places. 

While this joint showed much less dielectric loss than 
the varnished cambric joint, its dielectric strength was 
considerably lower. 

The third joint to be constructed and tested was a 
paper-insulated “‘step’”’ joint with dimensions and con- 
struction as shown in Fig. 7. 
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' In the “step”’ joint, the conductor insulation instead 
_ of being “‘penciled”’ or ‘‘scarfed’”’ smoothly down to the 
-conductor, was cut away in steps or terraces. In every 
other way the construction was similar to the previous 
‘ paper joint. 

The results of dielectric loss tests for this joint are 
shown in Fig. 8. 

The dielectric losses in this joint are somewhat lower 
than those of the pencilled paper joint (see Fig. 6), 
but are still higher than those of the cable. Table III 
shows the ratio of the dielectric losses of the paper step 
joint to those of the cable. 
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An examination of the joint after failure showed 
extreme burning starting at the end of the first step and 
extending to the edge of the joint insulation. ' 

The fourth and last joint for the 25,000-volt cable to 
be described was the so-called ‘““Conducel’’ joint, a cross- 
section of which is shown in Fig. 9. 

The conductor insulation was pencilled as in the 
second joint made, and the insulation over the copper 
sleeve built up even with the original conductor insula- 
tion. After the porcelain and conducel insulators were 
in place, the lead sleeve was wiped on and the joint 
filled with paper cable compound. 


-Wiped Joint 
IN ites 


Rie. 7 


CONSTRUCTION AND DIMENSIONS OF IMPREGNATED-PAPER STEP JOINT 


Three-conductor 300,000 cir. mil., sector conductor 25,000-volt cable 


TABLE III 


Ratio—Three-Phase Dielectric Loss 
Impregnated-Paper Step Joint to that of the Original Cable 
Three-Conductor, 300,000-Cir. Mil Sector Conductor 25,000- 
Volt Cable 


Ratio—Three-Phase 


Temperature Dielectric Loss Joint to 
Deg. Cent. Cable _ 
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80 Leal 
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Fie. S—Diniectric Loss—TuHrerE-PHase Watts PER Foor 
vs. K1Lovouts 


Impregnated-paper ‘‘step’’ joint three-conductor—300,000-cir. mil, 
sector conductor 25,000-volt cable 


After the dielectric loss test, the following dielectric 
strength test was made with single-phase voltage. 


No. 1 Conductor vs. Nos. 2-3 and Lead Sheath 
75,000 volts—five minutes 
80,000 volts—30 seconds 
85,000 volts—joint failure. 


The results of dielectric loss tests on the Conducel 
joint are shown in Fig. 10. 

Table IV gives the ratio of the dielectric loss in the 
Conducel joint to that of the original cable. 


Insulating Sleeve Lead Sleeve 


Inclosing Ce 


Petrolatum 
Filling Compound 


Cell Partition 


Fic. 9—Consrruction and Drimenstons—ConpuceL Joint 
Three-conductor 300,000-cir. mils, sector conductor 25,000-volt cable 


TABLE IV 


Ratio—Three-Phase Dielectric Loss 
Conducel Joint to that of the Original Cable 


Three-Conduetor, 300,000-Cir. Mil Sector Conductor 25,000- 


Volt Cable 
Ratio—Three-Phase 


Temperature Dielectric Loss Joint to 
Deg. Cent. Cable 

40 Tegal! 

60 2.0/1 

80 2.9/1 
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It should be noted that while the dielectric loss of 
this joint at low temperatures is practically the same as 
found for the other paper joints, it is very much greater 
at the high temperatures. 
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The high potential tests on the Conducel joint showed 
very low dielectric strength. 


No. 1 Conductor vs. Nos. 2-3 and Lead Sheath 
75,000 volts—three minutes—failure between conductor. 
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At the end of two minutes, loud internal discharges 
were heard, which gradually increased in frequency and 
magnitude until failure occurred. 

Examination after failure showed the conductor in- 
sulation badly burned and the ‘conducel insulator 
punctured. 

The remainder of the joints to be described in this 
paper were constructed for 33,000 volts. 

The cable used was three conductors 300,000 round 
type, 10/32-in. wall paper by 7/82-in. belt paper, 
9/64-in. lead sheath, designed and manufactured for 
33,000 volts. A cross section of this cable is shown in 
Fig. 11. 

Fig. 12 shows the results of three-phase dielectric loss 
tests on this cable. 


The construction and dimensions of the first joint 
made in this cable was as shown in Fig. 13. 


Results of dielectric loss tests at 33,000 volts at vari- 
ous temperatures are shown in Fig. 14. 


Table V gives the ratio of dielectric loss in the joint 
to that of the original cable. 


TABLE V 
Ratio—Three-Phase Dielectric Loss 
Impregnated paper joint to that of the original cable 
Three-conductor, 300,000-cir. mil round conductor 33,000- 
volt cable 
Ratio—Three-Phase 


Temperature Dielectric Loss Joint to 
Deg. Cent. Cable 
De 1.32/1 
40 edaial 
60 122 yal 
80 1.27/1 


The dielectric loss of this joint is very nearly the same 
as that of the original cable. 

The following dielectric strength test was made on the 
cable with joint after the above dielectric loss test had 
been completed. Three-phase, 60-cycle voltage used. 


LOS ,OOOL VOUS eee ee eee 60 minutes 
11.0000) = Sek: sakeorer eS eee 30 s 
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14.0) OOO ae ie eee) ee 

150000) Er ae ee eee 26 ** Failure. 


The breakdown occurred inside the metal sleeve of 
the joint about one and one half inches from the end of 
Excessive burning of the filling compound 
and the outside layers of tape on the conductors indi- 
cated that there was considerable stress between the 
edge of the jacket and the edge of the joint insulation. 
There were no signs of burning in the insulation over the 
copper sleeve nor along the penciling of the conductor 
insulation. 


Throughout the high potential test after the first 
five minutes, internal discharges were clearly heard, 
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although they were rather intermittent and did not The dielectric loss of this joint was very close to the 
increase in frequency or magnitude during the test. same as that of the first joint in the 33,000-volt cable. 
After careful examination of this first joint in the (See Fig. 14.) 
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Fig. 13—ConstrucTION AND DIMENSIONS OF IMPREGNATED-PAPER JOINT 
Three-conductor 300,000-cir. mil, round type, 33,000 volts 


The following dielectric strength test was made on 


' S the second joint, three-phase, 60-cycle voltage. 
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flashover occurred and the test was discontinued. 
Hig. 14—Dietectric Loss—Tureen-PHase Watts Per Foor : i be : f 
ohana Sol0do Mound Examination of the joint showed no signs of burning 
First impregnated-paper joint .in  three-conductor 300,000-round either m the joint insulation or the filling compound. 
conductor 33,000-volt cable No internal discharges were heard during the test 
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Fic. 15—Constructrion and DIMENSIONS—REINFORCED PAPER JOINT 
Three-conductor 300,000, round conductor 33,000-volt cable 


33,000-volt cable, a second joint was designed which nor was there any evidence of the joint temperature 
was substantially the same as the one just described - being higher than that of the cable. 
except that the conductor insulation was reinforced The last 33,000-volt joint to be described in this 
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Fic. 16—Consrruction AND Dimensions—‘‘UNDERCUT CURTAIN” JOINT 
Three-conductor 300,000 cir. mils, round conductor 33,000-volt cable 


from the cable crotch to the insulation over the copper paper was an “undercut curtain’’ joint, the construc- 
sleeve. Construction and dimensions were as shown in — tion and dimensions of which are shown in Fig. 16. 
Fig. 15. This type of joint was somewhat different from any o 
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preceeding joints in both design and assembly. The 
conductor insulation was undercut by means of a special 
tool and copper sleeves of the same outside diameter as 
that of the insulated conductor,sweated on. Thepaper 
insulation, which was in the form of a roll of single sheet, 
was spiralled around the conductor and then “‘wound 
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Fig. 17—Die.ectrric Loss—TuHreEe-Puase Watts Per Foor 


vs. TEMPERATURE AT 33,000 Vouts 


Undercut curtain joint on three-conductor 300,000 cir. mils, round 
eonductor 33,000-volt cable 


up” or tightened until it was as solid and firm as the 
conductor insulation itself. 

The dielectric loss at 33,000 volts at various tempera- 
tures are shown in Fig. 17. 

Table VI gives the ratio of dielectric loss in this joint 
to that of the original cable. 


TABLE VI 


Ratio—Three-Phase Dielectric Loss 
Undereut Curtain Joint to that of the Original Cable 
Three-Conductor, 300,000-Cir. Mil, 33,000 Volt Cable 


Ratio—Three-Phase 


Temperature Dielectric Loss Joint to 
Deg. Cent. Cable 

40 1.30/1 

40 ibesy/al 

60 1.34/1 

80 1.68/1 


The following dielectric strength test was made on 
this joint with three-phase, 60-cycle voltage. 
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At the end of ten minutes with 150,000 volts, failure 
occurred apparently in the joint. Examination of this 
joint showed burning at the edge of one of the paper 
tubes and much burned grease at one end of the joint. 

We have not offered any theories as to the behavior of 
certain of the described joints nor have we drawn any 
definite conclusions as to the proper joint construction. 
This paper is merely a preliminary report of the work 
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what has been completed to date. Conclusions will be 
drawn only after the work is completed. 

The authors are greatly indebted to Mr. L. R. Hicks 
and Mr. C. A. Mayo of the C. H. Tenney Co., Boston— 
and Mr. Harry Tounge of McGonigle & Tounge, 
Boston—for materials and suggestions made during the 
experimental work. 


Discussion 


A. P. Thoms: I do not see why so much stress should be 
placed on the dielectric loss in a joint. E. S. Lee, in a paper be- 
fore the A. I. E. E. Midwinter Convention!, stated that the 
dielectric-strength test is the most important and the best test 
available at the present time; that indications are that the 
present standardized voltages should be increased and that 
increasing the application of the test two or three minutes is of 
doubtful value. The authors of this paper have used the stand- 
ardized dielectric-strength test with the application increased 
a few minutes, and this test, according to Lee, is of doubtful 
value. 

All the dielectric-strength tests were made at room tempera- 
ture. They should be made at maximum and minimum tem- 
peratures experienced in normal operation of the eable, and 
should range down to at least 5 deg. cent. 

Accelerated life tests should, in my opinion, be at from 2.5 to 
5 times the rated voltage. A single dielectric-strength test 
will not determine whether a joint will be satisfactory in opera- 
tion. We should have a test on a joint similar to that required 
on a cable. If the joint is not subjected to tests to which we 
subject a cable, such as those required by the N. E. L. A. specifi- 
cations, we should at least standardize our tests so that we can 
compare them. I do not see why all the tests were not made 
with three-phase voltage. ; 

After a joint fails on a test, it-is very important that the joint 
be opened and examined in very minute detail. In looking over 
the paper, I could not determine the complete path of carbon- 
ization. This seems very essential, as it affords information 
whereby we may improve the weak points in the joints, either 
by changing the material or by changing dimensions. 

The voltage at which sounds of distress in the joint are heard 
is also very important as this voltage denotes deterioration 
in the joint. This can be taken with a stethoscope or with a 
long paper tube held to the ear. Most of the large operating 
companies are testing their long’ transmission lines with a 
kenotron or d-e. test. If the proper ratio between the a-c. and 
d-c. for the cable is 2.4, it may be 1.7 for the joint, and it is very 
essential that we know beforehand that these joints are not 
going tl break down when the line is subjected to the initial 
acceptance test. 

Mario Puritz: In giving the results of the last 33,000- 
volt joint described, Mr. Davis speaks of an ‘‘undereut curtain” 
joint. The patented Pirelli, three-phase joint, with undercutting 
and tightened paper rolls, is exactly of that type and has been 
used in Europe for many years. A full description of this joint 
may be found in the Electrical Review, London, August 10, 
1923, and a further description with the latest improvements 
will be published in the Report of the Underground Systems 
Committee, N. E. L. A., to be printed this year. 

About 200 of these joints for 35,000 volts have lately been 
installed in Chicago and Boston and it may be interesting for 
you to know some of the results obtained in the tests made in 
the laboratories of companies of this country. The test joints 
were all of about the same dimensions as those deseribed by 
Mr. Davis which were filled with soft compound and differed 
only in that the lead sleeve was of smaller diameter and the ~ 


1. Testing High-Tension Impregnated Paper-Insulated, Lead-Covered 
Cable, by E. S. Lee, A. I. E. E. Journnat, February, 1925, page 156. 
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reservoir on top. One joint was tested on three-phase, starting 
at 100 kv. and increasing 15 ky. every 30 see. At 200 kyv., after 
5 see., flashover occurred at the pothead. The voltage was 
lowered to 183 kv. and after 5 min., failure again occurred in the 
pothead. No sign of failure or carbonization was evident in the 
joint. 

Four other joints of the same type were 5 tested on single-phase, 
one conductor against the other two, with the lead at the middle 
point. The voltage was applied, starting at 120 kv. and in- 
creasing 10 ky. every 30 sec. One joint failed at 190 kv. after 
21 sec. because of moisture in the compound. The three other 
joints withstood the test potential of 200 kv. (the maximum 
pressure available) without evident trouble, and all failures 
occurred in the potheads as follows: after 20 min. at 200 kv. for 
the first; after 20 min. 15 see. for the second; and after 20 min. 
5 see. for the third. No signs of carbonization were found in 
the joints. 

Tests of the three conductors in parallel against ground were 
also made on three other joints with failures of the joints at 
voltages corresponding to 225,000, 242,000 and 225,000 volts, 
delta pressure. 

In a long-time test run in single-phase, 100-kv., one phase 
against the other two and the lead at the middle point, another 
joint was perfect after 18 hr. and 18 min. when the cable failed 
at a bend, due to excessive increase of temperature of the dielec- 
tric. Of course, after this test some leaf-shaped carbonizations 
were found on the conductors all along the cable and in the joint, 
and these carbonizations showed on about 15 of the outside 
layers of the conductors, especially due to the single-phase test, 
but the carbonizations in the joint were not so deep as carboni- 
zations on the eable. 


The cables on which the test joints were made were either 
three 350,000-cir. mil. or a three 300,000-cir. mil., 35,000-volt, 
round conductor, 8 X 4.5/32-in. insulation, 14 in. lead and 3-in. 
over-all diameter. 

F. A. Brownell: The authors touch upon a vital point when 
they state that extreme care should be used in assembling the 
joint. We believe that is at least 50 per cent of the battle, and 
that the balance is in the right combination of materials entering 
into the joint. 

From our experience with the right combination of low-dielec- 
tric-loss materials, we have found that the joint under stress is 
cooler than the cable. No actual temperature data are at hand, 
but in one ease, after 13 hr.at 105 kv., the cable. and joint were 
examined and while the cable was actually hot, the joint was at 
only slightly higher than room temperature. 


If the theory of graded insulation is sound, then we are not 
following the correct principle by wrapping varnished cambric 
upon paper of a lower specific inductive capacity, as this will 
place a higher stress upon the penciled surface. By plotting 
voltage-gradient curves using a specific inductive capacity of 
3.5 for paper and 4.5 for varnished cambric and taking a point 
1g in. back on the penciled surface of the paper, we get a 
voltage gradient of 12 kv. per em. more than if paper had been 
used for insulation. 

We made up two single-conductor joints with stepped insu- 
lation and with the same thickness of insulation in each case; 
we wrapped one joint with varnished cambric and in the second 
paper was used. 

Failure in each case was at 190 ky. and the surface of the 
stepped insulation was badly burned. Then we were at loss to 
know whether this was due to reverse grading or to voids, due 
to the fact that it is practically impossible to obtain a tightly 
wrapped joint with paper. The one advantage in the use of 
varnished cambric is that it makes a tighter wrapping. 

It might be of interest to compare two joints we made, similar 
in design to joint No. 3 except that we used a special material 
for wrapping over the connector to a level of the factory insu- 
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lation and then wrapped paper over this, giving the same thick- 
ness of insulation as in joint No. 3. 

Tests made on these joints with single-phase voltage are as 
follows: 100 kv., 4 hr.; 120 kv., 2 hr.-45 min.; failure in crotch 
of joint. 

On the second joint, we held 80 kv. for 4 hr. and raised the 
voltage 10 kv. each hour. . After 13 min. at 130 kv., failure 
oceurred in the end-bell. This was repaired and when voltage 
was rapidly applied, failure occurred at the same place‘at 160 
kv. The ends were again cut back and failure occurred again 


‘in the end-bell at 166 kv. 


While the second joint did not fail, it showed signs of high 
stressing. The surface of one conductor at the edge of the belt 
was charred and the petrolatum had changed in color with 
particles of carbon throughout. In neither joint were there 
signs of charring along the surface of the stepped insulation. | 

Our experience has been that we could get higher breakdowns 
with a stepped joint and we have found that the average cable 
splicer will make a better and more uniform stepped joint than 
penciled joint. 

We have examined joints that have been in service for a num- 
ber of years and found that where they had been penciled very 
uneven surfaces were left to tape over. 

In the first 33-ky. joint, the failure and signs of distress near 
the edge of the belt showed plainly that this was due to the 
tangential stresses at this point. In the second joint the insu- 
lation was extended back to the crotch and as this joint did not 
fail, we are led to believe that this is due to the added insulation. 

I cannot conceive of overcoming tangential stresses by adding 
more insulation, but would rather borrow Mr. Ely’s idea (and 
this was done) of using an electrostatic shield to overcome the 
tangential stresses'and smooth out the voltage gradient at the 
edge of the lead sheath. In fact, by using this and some slight 
refinements, we have developed a joint that is apparently 
stronger than the cable. 

In the final joint, the use of the Cleveland idea of undercutting 
the insulation and extending the connector to the level of the 
factory insulation is no doubt good, but it is limited to round 
conductors. : 

From our observation of splicing cable in the field we could not 
conceive of using a paper roll on three-conductor cables, for it is 
seldom that the three conductors can be brought out on a plane 
and a tight wrapping cannot be obtained. 

As the authors have drawn no conclusions fedee their experi- 
ments, we are tempted to advance the following for them: 

That with varnished-cambrie wrapping and the joint filled 
with a hard asphaltum compound, the dielectric strength on 
short-time breakdown is high, but on life tests at high potential, 
a well wrapped paper joint filled with petrolatum will give a 
higher breakdown. This is perhaps accounted for by lower 
dielectric loss. 

That the difference of tests between the joints shown as Figs. 
13 and 15 could be accounted for in workmanship. 


To sum up, we have concluded from our experimental work 
that for a 33-kv. joint (a) the material entering into the con- 
struction of the joint should in characteristics approximate the 
material in the cable; (b) we cannot get a tightly wrapped joint 
with impregnated paper and we have substituted a material with 
the same characteristics but more pliable; (c) tangential stresses 
at the termination of the lead sheath should be taken into con- 
sideration and it is believed that they could be overcome by 


. the use of static shields or by the proper slope of the lead sleeve; 


(d) to get a well-filled joint, it must be filled under pressure and 
(e) the education of the splicer is very essential. 


The only apparent objection to the use of petrolatum in 
filling joints is due to migration of the oil from the joint and this 
we believe could be overcome to some extent by using a petrola- 
tum with a higher viscosity than possessed by that used at present 
and still having approximately the same dielectric strength. 
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Regarding Joint 13, Mr. Crowder asked us if we didn‘t believe 
that, due to the fact that he has added more insulation, he has 
given a higher dielectric strength to that joint? I don’t believe 
so. We made up joints of different thicknesses of insulation. 
In two eases I recall we made up joints with 40 per cent more 
insulation than used on the cable; in another case, 65 per cent 
more, and by some peculiar coincidence, the joints with the 
most insulation failed at a lower voltage. If we plot a curve 
between voltage gradient and distance from the conductor we 
would find that we would get what could be likened to a satura- 
tion curve, or a point out from the conductor at which there is a 
very small voltage gradient—in fact practically no stressing,— 
and from the little work I did I should imagine that they had 
just about reached that saturation point, or perhaps extended 
beyond it. In other words, they had more paper than they 
actually needed. 


C. F. Hanson: In witnessing a dielectric-strength test on 
cable splices recently, I observed a phenomenon which, in my 
opinion, requires consideration. 


The cable with the splice was bent into the form of a horse shoe 
and rested on wooden blocks supported by two I-beams laid 
across the top of a tank with the cable ends dipping into trans- 
former oilin the tank. Between the sheath of the cable and the 
J-beam was an air-gap about 1 in. long. 


The voltage was applied in steps and at each step the voltage 
was maintained constant for a given period of time: When the 
voltage reached a certain value a train of electrical discharges 
would occur intermittently across the air-gap. Coincident with 
these discharges, bubbles in the transformer oil would rise from 
the end of the cable. As the voltage was further increased, 
these intermittent discharges would generally cease for a while. 
Then later on, when the voltage had been increased still further, 
these discharges would again occur but with greater intensity. 
They would grow more violent until complete electrical break- 
down occurred either in the cable or in the splice. 


The phenomenon to which I alluded is the first train of dis- 
charges across the air-gap in conjunction with the bubbles 
rising in the transformer oil. The only logical explanation for 
this phenomenon which I ean give, is as follows: 


The discharges must have a high frequency in order that the 
impedance across the air-gap may be less than that of the return 
wire to the transformer. The thing which caused these high- 
frequency surges must have been a disturbanee in the electric 
circuit. One source of disturbance is a surface discharge in the 
splice along the penciling of the original cable insulation. After 
a number of these surface discharges have occurred, the com- 
pound, which in this case was petrolatum, would have been 
heated locally and sufficiently to permit the compound to flow 
into the discharge path and temporarily oppose further dischar- 
ges. The local heating would, of course, expand any air which 
might be present. The increased pressure could be relieved 
at the end of the cable, causing bubbles to rise. With further 
increase in voltage, the dielectric stress may become sufficient to 
expel the compound which had flowed in, when discharge would 
again occur. If the stress is sufficiently great to prevent the 
compound from flowing back into the path of discharge the 
splice will finally break down completely with a mass of ecar- 
bonized compound. On the other hand the surges may break 
down the cable insulation before enough compound has become 
carbonized to form a complete short circuit in the splice. 


A subsequent examination of one of the splices seems to sub- 
stantiate the foregoing explanation. Apparently, this splice 
had not failed but the cable had. However, upon dissecting the 
splice, six layers of the original insulation and eight layers of the 
applied insulation were badly charred. Also a considerable 
amount of petrolatum was charred. 


If the foregoing reasoning is correct then the breakdown 
voltage of a splice is that obtained when the first electrical 
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disturbance occurs and not that obtained when a complete 
short circuit occurs. When the first disturbance oceurs, the 
splice has become a menace in the electric circuit because 
it produces disturbances which are hazards to other electrical 
equipment in the circuit. 

When reporting tests of splices it is frequently stated that the 
cable fails before the breakdown voltage of the splice is reached. 
If, however, the tests are interpreted as above suggested, it will 
probably be found that the splice has failed first. 

C. F. Hood: The purchasers of high-tension cable have kept 
the manufacturers so busy in trying to meet their demand that 
the efforts which we have put forth in developing joints have 
followed somewhat behind the effort put into the development 
of cables. 

In attempting to develop a joint which we feel can be recom- 
mended to the users of high-tension cables, we are now con- 
ducting a series of experiments similar to those outlined by 
Mr. Davis. 

So far it appears that we can produce a wrapped joint which 
will be as good as the cable for which it is intended. We have 
made some experiments on wrapped joints in comparison with 
the so-called patented joints, and so far the wrapped joints 
have shown themselves to be considerably better than the type 
of joint built up with a barrier insulation. 

Along these lines, I don’t think that we can stress too strongly 
the necessity of having the jointers appreciate just what work 
they are trying to do. If they are not men who realize the 
importance of detail and following that very closely, as already 
pointed out, a good joint can be spoiled by a poor workman. 

I think that a great deal can be gained by much closer co- 
operation between the manufacturers of the cable and the users. 

A. H. Kehoe: The paper infers that due to the existing 
situation in joint design satisfactory operation of high-tension 
cable systems cannot be assured. I believe that satisfactory 
joints are now in operation on cable systems of all voltages for 
which we have been able to obtain cables. For ordinary joints 
we know that adequate factors of safety exist. For the high- 
voltage joints the factors of safety can only be estimated as we 
do not have good enough cable to test these properly. 

The authors divide the essential properties of a good joint into 
three classes. We believe that simplicity of design is by far the 
most important element in comparing successful types of joints 
in service. 


To further decrease the dielectric loss obtained with any practi- 
eal joint today is not highly important, as cables in ducts run 
at a higher temperature than cables in manholes, so that the 
limiting condition is the heat of the cable in the duct. 


Short-time applications of extremely high voltages may 
set up conditions not duplicated in actual service as certain 
types of dielectric have a high voltage-breakdown value for 
short-time applications, while other types do not. Results in 
practise at normal stress may thus give opposite results from 
such tests. In selecting test values it is important to ascertain 
whether the particular materials tested are stressed beyond 
their known breakdown values, rather than to make a large 
number of different joints some of which only demonstrate this 
breakdown limit which could have been positively predicted 
before the expense of testing was undertaken. The high-voltage 
accelerated-life test provides an important element of time 
saving in making tests but results are not directly comparative 
between varying types, as to normal voltage operation, partic- 
ularly if high-voltage short-time values are used as is the case 
in these tests. 

I believe that the estonia! element in cable joints and in 
cable installations is simplicity of design. From it, uniform 
results are most likely to be obtained. The greatest difficulty 
I have experienced in making joints is to be certain that all of 
them are tight, that is, that they are all waterproof. It is 
important in order to accommodate existing structures. that a 
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short joint be used. This same condition causes many com- 
panies to use sector cable and it is more difficult to obtain 4 
joint with proper factors of safety on sector cable than on round- 
conductor cable. Simplicity of design also makes it easy to 
eliminate voids. I believe that many of the joints tested failed 
because of voids in the filling compounds. Testing a few joints 
all of different types or even a few joints of one type does not give 
a definite indication of the factors of safety unless they all 
target very closely to the same value on the test curve. 

I should like information from the authors as to how they 
handled the end-bells in testing. The paper infers that dielectric 
loss was obtained first on long cable lengths averaging so much 

_ per foot, and any increase was attributed to the joint. It is 
not clear how the dielectric loss of the end-bells was accounted 
for. 

We have had several thousand joints of the fourth type 
tested by the authors, operating successfully at 28 kv. for over 
two years, and several other operating companies have had 
similar experience with this joint at similar voltage. The 
uniformly successful operation obtained with this type of joint 
for installation up to 33 kv. would not be predicted from the one 
joint tested. 

In testing the first four types of joints, the dielectric strength 
to ground was tested, as three-phase potential should have been 
used to obtain the comparable results with the last three joints 
made from round-conductor cable. The initial voltage applied 
to the first four was equivalent to 130 kv.in so far as failure to 
ground was concerned. Certain of the joints tested have factors 
of safety to ground which are slightly lower than failure between 
phases, as this makes the best operating type of joint. The 
failure of No. 4 joint by puncture of the factory-formed insulator 
is the second ease which has come to my attention; in the first 
one the workman did not understand the assembly of the material 
and the joint was poorly made with large voids existing in it. 
From the internal discharges reported on this test I judge that 
some similar phenomena occurred. 

In discussing the last three types of joints tested it is well to 
emphasize the practical advantages in using a short-length joint 
where proper factors of safety can be obtained. It is evident, 
however, that the longer the joint the more reliable it will be in 
operation regardless of its type. 


The method of accelerated-life testing is important in com- 
paring results published by other authors. For instance, this 
is the first case which has come to my notice where thirty 
minutes per 10 kv. change has been used instead of increments 
of one hour for 10 kv. As there has been considerable doubt 
expressed in the past that even the one-hour increment gives 
proper comparative results for various types of joints, we believe 
that testing of this character should be longer and reduced 
voltage values used. Such a test method is more expensive but 
‘gives a better indication of the service results that are likely to 
be obtained. 


The seventh joint of the so-called “‘curtain-roll” type is one 
with which we have had successful experience on a single-con- 
ductor 44-ky. installation. The joints are but 20 in. long, al- 
though the stresses are approximately the same as those tested 
by the authors on a 36-in. structure. This construction pro- 
duces simple joints of uniform workmanship for round conductors, 
as}long as they are straight, but it cannot be applied to sector 
conductors. 

C. A. Adams: As yet we know practically nothing about 
the fundamental nature of dielectric phenomena. There are 
several hypotheses and much superficial misconception. As 
yet, we don’t know even what are the significant variables with 


which we are concerned in this field. Moreover, much of the . 


so-called ‘practical research work,’’ which has been done bit by 
bit here and there without coordination is likely to be not only 
useless but in some eases actually misleading. 

If manufacturers and users of insulated wires and cables and 
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of other insulated apparatus would cooperate in a comprehensive 
research into the fundamental nature of dielectric phenomena 
at an expense to each which would be extremely modest as 
compared with the probable value of the results, there would be 
some hope of solving this most important problem. In such an 
undertaking, it would be necessary to enlist the assistance of the 
ablest physicists and chemists in the civilized world, but for 
work of this kind such assistance can be obtained at relatively 
small expense. 

I have been endeavoring to start such a movement for the past 
seven years and a small start has been made by the organization 
of the Insulation Committee of the Engineering Division of the 
National Research Council, this Committee being also attached 
to the Research Committee of the A. I. E. E. But it is only 
recently that some of the users of cables are being forced to 
realize the need of such fundamental research. 

L. A. Zima (by letter): Theauthors start out with an assump- 
tion of “Suitable Cable.’’ This is a broad assumption to make 
for high-voltage cable, considering our limited operating experi- 
ence to date. They further state that high-voltage cable 
jointing must receive considerable attention in the near future. 
Perhaps, from the manufacturer’s standpoint, this is correct; 
but the cable user has given a great deal of attention to this 
problem ever since high-voltage cable has been manufactured, 
and has had reasonable success. This success is based on long 
practical experience following long tedious research work on 
experimental joints. Work along this line has been somewhat 
retarded waiting for the cable manufacturers to make suitable 
eable. 

I rather question the three essential properties mentioned. 
Simplicity of design is certainly to be desired but it is not an 
essential property. 

High dielectrie strength is desirable but this does not neces- 
sarily mean very high instantaneous breakdown voltages or on 
short-life test. It is possible to make up a joint to give very 
high dielectric strength on instantaneous voltage application, 
but which will fail utterly to give satisfactory results in normal 
operation. 

Dielectric loss. as low as that of the cable, is not an essential 
property of a cable joint. Due to the large radiating surface of 
the joint and the large volume of surrounding air in the manhole, 
the cable joint is at a much lower temperature than the cable 
inside the duct line. 

The essential properties and requirements of a satisfactory 
cable joint are as follows: 


a. Proper design, keeping the voltage gradient of all points 
in: the joint within proper limits. 

b. Materials of good quality, having high dielectric strength, 
with an specific induction capacity of relatively the same value 
as that of the cable. These should not vary in normal operation. 

e. Workmanship of the highest order. 


The voltage tests made on the various joints were of com- 
paratively short duration, lower values and longer time would 
be more desirable and would more nearly approximate service 
conditions. 

My attention is particularly directed to the electrical character- 
isties of Joint No. 4. Of the seven types of joints, the author 
finds this one to be the poorest of the lot as it has the lowest 
dielectric breakdown value. The reason for this, it seems to me, 
is not that of design but rather the general method of construc- 
tion, especially of workmanship. The materials were not properly 
assembled and the filling probably faulty. 

There are many of these joints in operation and they are 
giving satisfactory service. If properly assembled, using good 
material and with high-grade workmanship this joint will give 
a dielectric-breakdown test value, instantaneous and accelerative 
life, equal to that of the cable. ; 

The Brooklyn Edison Company has had a large number of 
these joints in service over a year,—probably from 2500 to 3000, 
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—and the operating results have been satisfactory. Refine- 
ments on these joints have continued, slight changes made in the 
construction, strengthening the weakest points, properly training 
the splicer for this type joint, and maintaining close supervision 
to insure high-grade workmanship. 

A number of joints constructed with these refinements are now 
under test. The result of the first eight joints is as follows: 

Tests on Joints in Sector Cable. These were three-con- 
ductor 350,000-cir. mil, sector cables with 20 X 10/64-in. 
paper insulation, 9/64-in. lead. Tests were made with three- 
phase, 60-cycle voltage. 

On all the joints except No. 1 the voltage was started at 70 
ky. between phases and increased in 10-kv. steps remaining 
constant for one hour at each step. At 120 kv., voltage was held 
constant until breakdown occurred. 

Joint No. 1 was subjected to 50 kv. for 405 hours before it was 
raised to 70 kv., after which the test was identical with those on 
the other joints. 


Hours at Total Hours 
Joint No. 120 Kv. on Test 
1 Stoll 413.1 
2 6.4 11.4 
3 6.4 11.4 
4 U4 NA 
5 7.8 12.8 
6 523 10.3 
a 4.3 9.3 
8 5.0 10.0 


The failures occurred at 120,000 volts after a number of 
hours as shown. Examination showed the following: 

Breakdown between conductors at sharp bend in conductor 
insulation near cable crotch. 

Failure between conductors at porcelain spacer due to jam- 
ming and breaking conductor insulation. 

Breakdown at edge of belt insulation due to sharp bend in 
conductor insulation. 

. A number of failures in cable crotch of the prepared cable ends. 

These tests are a fair measure of the dielectric breakdown 
voltage values of the cable joint on a long-life test at compara- 
tively high values. 

As experience has demonstrated the value of long accelerated 
life tests to determine satisfactory cable, the same holds true 
for cable joints. 

I would recommend that a standard method of long accelera- 
tive life tests be set up so that a direct comparison can be made 
on joints and eable of different types of construction as made by 
various manufacturers or operating companies These tests 
should then be supplemented by simi ar tests, using d-c. voltage 
instead of a-e 

G. J. Crowdes: The work on joints, when completed, will 
comprise the construction and testing of about twenty joints. 
The following are results of tests on five more joints which may 
be of interest. 

A duplicate of the varnished-cambrie joint (see Fig. 3) was 
constructed with No. 00, 9 X 6/32 in. paper-insulated cable 
having round conductors. This joint had the same high loss 
characteristics as the previous varnished-cambric joint. The 
dielectrie strength of this joint was quite high astshown by the 
following table: 


3-Phase, 60- Time 
Cycle Ky. (Min.) 
92.5 60 
110 30 
120 30 
130 30 


140 28 to failure 


DAVIS AND CROWDES: HIGH-TENSION CABLE JOINTS 


Transactions A. I. E. E. 


The failure occurred between conductors about 4 in. from 
the edge of the belt. There was no evidence or charring or 
burning along the penciling. 

Two joints were next built on 250,000-cir. mil. round-type 
cable with 9 X 6/32-in. of impregnated-paper insulation de- 
signed for 25 kv. working pressure. The construction of the 
joints was identical with the previous 25-kv. penciled paper 
joint (see Fig. 5) with two exceptions, (1) the length of penciling 
was increased to 2 in. and (2) each conductor was reinforced back 
to the crotch of the cable. One joint was filled with a standard 
hard filling compound and the other with petrolatum. 

The loss in the joint with hard filling was considerably higher 
than the loss in the petrolatum-filled joint, at working voltage 
and a temperature of 80 deg. cent., the ratio being about 2 to 1. 
In dielectric strength there was practically no difference: 


Hard Petrolatum 
3-Phase, 60- filling filling 

Cycle Kv. Time (Min.) Time (Min.) 
92.5 60 60 
110.0 30 30 
120.0 30 30 
130.0 30% 30 

140.0 30 failure | 24 failure 


The failure in both joints occurred at the edge of the belt 
insulation between conductors. There was no evidence of 
burning along the penciling. 

The next two joints were constructed using 300,000-cir. mil. 
sector-type cable, with 9 X6/32-in., impregnated-paper insulation. 
These joints were identical with the previous penciled paper 
joints described in the paper (see Fig. 3), with two exceptions, 
(1) the penciling was increased to 2 in. in length, and the built-up 
insulation was carried farther along the conductor for a distance 
of about 2in. The conductors were not reinforced to the crotch. 
One joint contained hard filling compound and the other petro- 
latum. , 

Here again the joint with hard compound showed much higher 
loss characteristics. The slope of the loss curves with both volt- 
age and temperature was considerably steeper in the hard- 
compound joint than in the petrolatum-filled one. 

The dielectric strength of the hard-compound joint in this case 
was somewhat greater than the petrolatum joint as shown in the 
following table: 


3-Phase, 60- Hard Petrolatum 
Cycle Kv. Filling Filling 
Time (Min.) Time (Min.) 
92.5 CO 60 
100.0 30 12 failure 
120.0 30 failure 


The failures on both of these joints were between conductors 
at the end of the tape-on insulation. Severe burning was 
evident along the penciling in each ease. 

There is one striking fact evident from the tests on the last 
four joints and that is the difference in dielectric strength between 
the sector-type cable joints and the joints on round cable. 
The joint construction is identical except that there is no rein- 
forcing on the sector-cable joints. Yet, on the round-type cable 
joints it was possible to reach a voltage of 140 kv. and hold 
this stress for considerable time. On the sector-cable- joints, 
120 kv. was reached on one joint and 110 kv. on the other. The 
failure on the sector-type joints followed the penciling. | 

It does not seem possible that the reinforcing of the conductor 
to the crotch (which was the only difference between the two 
types of joints) could account for the great difference in dielectrie¢ 
strength. 

E. W. Davis: We quite agree with those who have discussed 
our paper, that dielectric-strength tests should be standardized, 
but we are not ready to accept such tests as the sole criterion for 
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the value of an insulating material. Of all the electrical tests 
that we made on the various types of joint, we found that the 
dielectric-loss test was the most sensitive, and that it gave the 
most consistent and conclusive results. Experience has shown 
that a joint designed for normal dielectric strength and low 
dielectric loss will stand up better under severe operating con- 
ditions than one with high dielectric strength and high dielectric 
loss. 

All the joints tested were opened and carefully examined and 
photographic records made of the paths of carbonization. A few 
of the joints were tested with radio apparatus installed in the 
ground circuit, and the tests stopped at the first signs of internal 
discharge. It was from a careful study of the paths of carboni- 
zation that the weak spots in the cable joints were found and the 
design changed so as to eliminate them as far as possible. 

We have not discussed the question of workmanship in this 
paper. A poorly designed joint will not give satisfactory results, 
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even though the workmanship is perfect. All of the joints tested 
were made by the same man so that the quality of workmanship 
was undoubtedly the same in all cases. In none of the joints 
that we opened and examined was it possible to say that 
the cause of the failure was due to poor workmanship. 

Unfortunately, when the earlier work was done on the joints, 
we had only single-phase voltage available. Some of this work 
has been repeated with three-phase voltage with substantially 
the same results. Dielectric strength tests at high and low 
temperatures, show very little variation, especially if the results 
are comparative. The joints that show the higher dielectric 
strength at low temperatures, invariably have the higher dielec- 
trie strength at high temperatures. 

We feel that the proper design of a joint to be put into a cable 
installation is well within the province of a cable manufacturer, 
but that the question of workmanship is a matter with which 
the operators should deal. 


Predetermination of Self-Cooled Oil-lmmersed 


Transformer Temperatures Before Conditions are Constant 
BY W. H. COONEY: 


Associate, A. I. E. E. 


Synopsis.—The temperature rises of dynamo-electric machines, 
in changing from one steady thermal state to another, follow an 
exponential law of the form 1 — €—', where 1/8 is the thermal time 
constant, or the time required to attain 63. 2 per cent of the final 
change in temperature rise.. It is shown here that while the winding 
temperature rise over room of self-cooled oil-immersed transformers 
follows this law only after a certain time has elapsed, quite ac- 
curate results may be obtained by calculating the time-temperature 
curves of the top oil temperature rise above room, and the winding 


temperature rise above top oil separately, since each follows the 
above exponential law quite closely, then adding them together to get 
the winding temperature rise above room at any time before condi- 
tions are constant. A procedure is explained in detail for calcula- 
ting B,for either the top oil rise or the winding rise above top oil from 
the weights of materials the iron and copper losses and the winding 
and top oil constant temperature rises at any given load. Compari- 
sons of temperatures by test and calculation are presented. 


* * * * ** 


INTRODUCTION 


\\ / HILE it is of interest to know the length of time 
necessary for a transformer to attain its final 
winding temperature rise at rated load, it may 
sometimes be desirable to know how long an overload 
may be carried, without exceeding a safe winding 
temperature, starting at room temperature or at any 
constant temperature rise less than that due to normal 
load. 

For instance, it is required that railway trans- 
formers be tested at a load of 125 per cent or 150 per 
~ cent for two hours, starting at the temperature rise 
due to normal load, without exceeding a winding 
temperature rise over room of 60 deg. cent. This 
sort of test does not indicate how long the overload 
could be carried starting at some other initial steady 
state, such as room temperature. 

To intelligently load the transformer, the operating 
engineer should have either the results of tests made 
under the various load conditions or the thermal time 
constants? for the different load and initial conditions 

1. General Electric Co., Pittsfield, Mass. 

2. The reason the value of the constant changes for different 
loads is because, as shown later, the temperature rise of self- 
cooled transformers for constant conditions is never proportional 
to the loss but to the loss raised to some definit power. 


Presented at the Regional Meeting of Dist. No. 1, Swamp- 
scott, Mass., May 7-9, 1926. 


for a given transformer. Of course, the most accurate 
results can be obtained from tests, but it is obvious 
that this method has its disadvantage in that it is not 
practical to make tests under all the various conditions 
under which the transformer might be required to 
perform. It is, therefore, highly desirable to be able 
to calculate the time constant, or constants, as the case 
may be. 


In a recent paper’ a method of calculating the time 
constant for machines where the parts generating heat 
(windings and iron of a generator, for example) are not 
thermally independent and the temperature rise is 
proportional to the loss, was outlined. It was shown 
in this paper that the winding temperature rise above 
room followed an exponential rise with time such that 
the ratio of temperature rise, at time, ¢, to final tem- 


t 
T 


6 
perature rise ( rs ) could be expressed by 1— « ‘, 
f 


where 7 is a time constant which can be determined 
graphically from the tested time-temperature rise 


0 
curve. It was also shown that the value ( 1— ine ) 
f 


3. Kennelly: Thermal Time Constants of Dynamo-Electric 
Machines, Presented at Midwinter Convention, New York, 
Feb. 9-13, 1925. 
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t 

which is equal to e *, could be plotted as a straight 
line against time on semi-log paper. 

During the discussion! of the previously mentioned 
paper, it was pointed out that in an oil-immersed self- 
cooled transformer, the windings are separated from 
the core by an appreciable amount of insulation and 
oil, so that the windings may for all practical purposes 
be considered thermally independent of the rest of the 
transformer. Although the top oil temperature rise 
and the winding temperature rise above top oil may 


6 
each be plotted in terms of ( 1— o ) as a straight 
t 


line on semi-log paper, the sum of the two, or winding 
temperature rise above room becomes a straight line 
only after the winding temperature rise above top oil 
has become constant. Moreover, the latter, when 
continued back as a straight line, does not pass through 
the origin. 

The object of this discussion 1s to present a method, 
based on treating the winding temperature rise above 
top oil and the top oil temperature rise separately, 
whereby the winding temperature of a transformer can 
be calculated at any time after a change in load has 
occurred following a steady state. This method re- 
quires a knowledge of the weights of the materials in 
the transformer, the copper and iron losses, and the 
constant top oil and winding temperature rises above 
room for some given load such as that required in the 
acceptance tests. 

It is not claimed that this formula is absolutely cor- 
rect, since the first expression, Eq. No. 3, in its deriva- 
tion, as pointed out later, is intended to cover not only 
winding temperature rise over top oil, but also the top 
oil temperature rise above room. However, it should 
be accurate enough for most practical purposes, as an 
inspection of Figs. 5 to 10 will show. 


FINAL TEMPERATURE RISES 


In order to calculate temperature rises before con- 
ditions are constant, it is, of course, necessary to know 
the final rise which would be obtained if the load were 
maintained until conditions become constant. For- 
tunately, the final rise for any assumed loss of most 
transformers can be estimated fairly accurately, espe- 
cially if the rise for some given loss is known. 

In the following exposition, the winding temperature 
rise above room temperature is separated into two 
parts: top oil temperature rise above room and winding 
rise above top oil. There are two reasons for this 
distinction: 

In the first place, due to greater thermal capacity, top 


oil temperature rise, following a change in load, requires 


approximately as many hours to become constant as 
the winding rise over oil requires minutes. Secondly, 


4. By V. M. Montsinger. 
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the final values of the two rises do not vary at the same 
rate with change in load. 

It has been found’ that both the top oil rise of the 
usual self-cooled transformer and horizontal disk coil 
rise over top oil vary with loss approximately in ac- 
cordance with the formula: 

Pah Pes (1) 
where @ is the temperature rise, & is a constant in which 
area of dissipation is one factor, and P is the loss. 
Temperature rises of vertical coils over top oil vary 
between the 0.9 and the first power of the loss, and can 
be expressed close enough for practical purposes by: 

Ce om 24 (2) 

Formula (1) is shown for convenience on log-log 
paper in Fig. 1. A reference to this figure makes the 
distinction between top oil rise and coil rise over top oil 
more readily apparent. Assume that with a ratio of 
copper loss to core loss of 1:1 the final coil rise over top 
oil is 10 deg. cent. and the final top oil rise is 30 deg. 
cent. at some given load. If, due to’ an increase in 
load, the copper loss is doubled, the coil rise over top 
oil according to equation (1) for a relative loss of 2 
becomes 1.75 <'10 deg. cent. = 17.5 deg. cent (and 
according to equation (2) becomes 20 deg. cent.) but 
the relative watts loss for top oil rise, since core loss 
remains constant, is (2+1)/(1 +1) =1.5 and the 
rise (Fig. 1) is 1.388 x 30 deg. cent. = 41.4 deg. cent. 

By means of equations (1) and (2) the final tempera- 
ture rise for any load can be found provided the rises 
are known for some definite load and the corrections 
for change in resistance from one temperature to 
another are made. 


INCREASE OF TEMPERATURE RISE WITH TIME 


It is a well-known fact that temperature rise varies 
with time according to the exponential curve as shown 
in Fig. 2. Immediately after the generation of loss 
in the body under consideration has begun, the tem- 
perature rise increases rapidly, since at first it is not 
sufficient to dissipate any loss, and, consequently, 
practically all the loss is stored. As the rise increases, 
the dissipation to the surrounding medium (oil or air, 
as the case may be) increases, until finally heat storage 
has been completed and all the generated loss is 
dissipated. 

If the initial generated loss is W before the tempera- 
ture rise has begun, the generated loss at time ¢ and 
temperature rise @ for a constant current can be ex- 
pressed as W (1 + a@ @) where a is the resistance coeffi- 
cient of copper. The loss stored at time f is 


d 0 
C ce where C is the thermal capacity of the body 
being heated. The loss dissipated can be expressed 


Effect of Barometric Pressure on Tempera- 
Pro- 


5. Montsinger. 
ture Rise of Self-Cooled Stationary Induction Apparatus. 
cEEpines A. I. HE. H., Vol. 35, pp. 451-478, April, 1916. 
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approximately by K @. (Multiplying the initial loss by 
a resistance correction is not strictly correct when using 
the formula for oil temperature rise, since core loss may 
even decrease slightly with temperature. But a @ is 
usually of the order of 15 or 20 per cent and copper loss, 
especially for overloads, is several times as large as the 
core loss, so that no great error is caused. If a were 
multiplied by the ratio of copper. loss to total loss, 
it would result not only in a complicated equation, but 
also the necessity of a separate one, for oil top tempera- 
ture rise). 

Equating the loss generated to the loss stored and 
dissipated at time ¢ and temperature rise 0 the equation 
obtained is 


dé 
Hees! id vine) ac orgen wero (3) 


The integration of this equation, shown in the 
Appendix, gives the formula: 


6.= 0, (1— «*”) (4) 
where 6; is the final temperature rise caused by the loss 
whose initial value is W,e is the base of Naperian 
logarithms and 


ened ss 
B= Ge (5) 


This constant may be more familiar in its reciprocal 
form, where it is known as the exponential thermal time 
constant, or the time necessary to attain 63.2 per cent 
of final rise: 


i C 6; 


PRG Pune 
or as the binary time constant*: 
0.69315 
T2 = VU. W 


If ¢ is expressed in minutes and W in watts, for 
winding rise over top oil 


a 
Ope oes 
2a 


where A and a are the insulated and bare cross- 
sections of conductor in the windings, respectively. 

For top oil temperature rise over room, when t is 
expressed in hours and W in watts, 


3.5 (Ib. Copper + lb. Core + 24 lb. Tank) 
C + 90 (Gallons of Oil) 


60 


Since the calculation of C is of great importance in 
this method, it may be of interest to show the reasons 
for the above values of the constants. 

In c. g. s. units, the following values of specific heat 
are assumed constant for all temperatures, although 
there actually is a small variation, which may be 
neglected for the ranges of temperature considered. 


x Ib. of bare copper (6) 


(7) 
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Specific Heat Copper = 0.0935 
Specific Heat Iron Sais 
Specific Heat Oil = 4 ( 


The thermal capacity may be expressed in more 
practical units: 
Copper = 2.96 watt minutes per pound per deg. cent. 


Iron = 38.6 watt minutes per pound per deg. cent. 
Oil = 105 watt minutes per U. S. gallon per 
deg. cent. 


It is apparent that all the oil in a transformer is not 
heated to the same temperature as the top oil for the 
reason that the temperature at the bottom of the tank 
is cooler than at the top. The ratio of mean to maxi- 
mum temperature in the gradients of self-cooled tanks 
ranges from about 75 per cent to 95 per cent, depending 
on the design. Assuming an average of these figures, 
or about 86 per cent as a representative figure, the 
constant for oil then becomes 0.86 x 105, or 90, as 
shown in formula (7). 

A similar line of reasoning applies to the tank. The 
base of the tank, the bottom end of the wall, and, unless 
there is an oil conservator, the cover dissipate very 
little or no heat. For this reason, 24 of the tank weight 
is taken. Since the ratio of iron to copper in a trans- 
former is about 5 or 6 to 1, the metal may be lumped 
together and multiplied by the factor of 3.5 instead of 
2.96 and 3.6 for copper and iron respectively. 

In considering the windings of a transformer, if the 
insulated cross-section of the wire is appreciably larger 
than the bare cross-section it should be taken into 
account. Fibrous insulation is usually so impregnated 
with insulating compounds or oil that its thermal 
capacity is practically that of the latter. Although 
oil has five times the thermal capacity of copper by 
weight, copper has about ten times the density of oil, 
so that the insulation may be considered to have 1% the 
thermal capacity of copper by volume as indicated in 
eq. (6). 

When the weights of materials are not known, the 
values of C may be found by observing the time-tem- 
perature rise curves for both the top oil and the winding 
rise over oil when the transformer heats up, preferably 
starting at room temperature and 100 per cent load 
and excitation. The values of W and 6, should be 
determined. #8 may be found by a graphical method’, 
and C solved for in equation (5). This value of C will 
be constant regardless of the loads applied or the 
initial conditions. : 

APPLICATION OF THE FORMULA 


In changing from one steady state to another, the 
problems encountered may be grouped into three 
classes: ; 


a. The application of excitation and load to a trans- 


former which is at room temperature. 


b. Application of load after a constant oil rise over 
room temperature has been attained due to core loss. 
ce. Application of an increase in load after a constant 
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rise of windings and oil has been attained due to a For coil rise over top oil, assume that the 

smaller load and core loss. - construction is such that formula (2) 
Since the application of a formula becomes simpler, applies. Coil rise over oil = 1.563 x 

both in explanation and in use, when examples of it are 15 deg. = 23.5 deg. cent. 

shown, the following problems are worked out under C: For oil rise 


each of the classifications just specified. The relative 
values of the characteristics given below are typical of a 
moderate sized power transformer. 
Assume a transformer with the following characteristics: = 1830 

For coil rise over oil = 2.96 x 1000 =2960, 

(Neglecting insulation.) j 

W: For top oil rise = 20,080 watts. 

For coil rise over top oil = 14,080 watts. 


20,080 
1830 X 50.4 


- 3.5(1000 + 4200 + 3000) + 90 x 900 
a 60 


& A HANDS 


RELATIVE TEMPERATURE USE 


6: Foroilrise = = 0.217 


N 


~ 
a 


14,080 
2960 X 23.5 


For coil rise over oil = 


& A&A & HYGOD 


= 0,202 
When these values of 6 are multiplied by ¢ in hours 
ee and minutes respectively, the corresponding values of 
1— e-* may be found from Fig. 2. The latter when 
substituted in formula (4) determines the value of @ 
Fig. 1—ReEpPRESENTATION or 06 = k P.8 (Formuta1)in Terms attime?t. The results are plotted in Figs. 3 and 4. 
oF RevLaTivE TEMPERATURE Rise AND RELATIVE WatTTsS (b) Constant oil rise due to excitation, followed by 
100 per cent load. 
6,: For oil rise . 
Due to excitation, relative watts = 0.4, 
rise = 19.2 deg. cent. 
- Due to excitation and 100 per cent load, 


J 
3 €£.5.6.7-89h0 (§ #0 30 40567990 
PELATIVE WATTS LOSS 


At 100 per cent load and excitation: 
40 deg. cent. top oil temperature rise 
15 deg. cent. winding temperature rise over top oil 
Copper loss, 9000 watts 


eos loss, 6000 watts oil rise = 40.0 deg. cent. 
Weights: Rise due to copper loss = 20.8 deg. cent. 
900 gallons of oil For coil rise over oil at 100 per cent load 
1000 lb. copper = 15 deg. cent. 
4200 lb. core iron C: Same as in (a). 
4500 Ib. tank W: For oil rise = 9000 watts. 
For coil rise over oil = 9000 watts. 
Pada 8: Foroilri a 0.236 
/ cl hereto gaea : Foroilrise = 7339 90.8 = 0 
Set Ite I eel ae a 
a ECO ae 
‘ For coil rise over oil = 3960 x15 > 0.202 
ud 


The variation of 6, with time, following the same 
procedure as in (a), is plotted in Figs. 3 and 4. _ 
(c) 125 per cent load following (b). 
6;: For oil rise = 50.4 deg.— 40 deg. 
= 10.4 deg. cent. 
‘For coil rise over oil = 23.5 deg. — 15 deg. 
= 8.5 deg. cent. 


Fig. 2—VarratTion or 1 — « —8t, wiru Bt, on INCREASE OF TEM- 
PERATURE IN PER Cent or FiInau Rise witH TIME 


(Neglect resistance corrections for simplicity.) C: Same as in (a). 
(a) 125 per cent load and excitation starting cold... W: For oil rise = 20,080 — 15,000 = 5080 watts 
For coil rise over oil = 14,080 — 9000 
6,: F il ri lati eae seen = 5080 watt 
/: For top oil rise, relative watts = 15000 = watts bi 
= 1.338; from Fig. 1) oil rise. =" 1.26 Be Por Oil vriset = oe eo 


40 deg. = 50.4 deg. cent. , 1830 mele 
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5080 
2960 X 8.5 


The results obtained from these values of 8 and 6; are 
also plotted in Figs. 3 and 4. 

Although corrections for resistance have been pur- 
posely omitted in the foregoing, the distinction should 
be made that 0; is calculated for the loss at the final 


For coil rise over oil = =I: 202 


& 
ty 


COM TEMPERATURE FUSE OVER OMS 
8 


jo fe tt (6 18 20 & Qo 4 DLE IE IE CE: 


TUTE - MINUTES 


° 2 F é ¢ 


Fic. 3—WinpDING TEMPERATURE RISE OVER Top O1n, Caucu- 
LATED FOR THE T'RANSFORMER OF ASSUMED CONSTANTS UNDER 
THE Ko~nuowiIng CONDITIONS: 


(A) 125 per cent load and excitation, starting at room temperature. 

(B) 100 per cent load and excitation, starting at oil temperature rise 
due to core loss alone. 

(C) 125 per cent load applied after conditions are constant for (B). 

Calculations of 8 are shown in the text. 

Note:{0 time for (C) corresponds to 18 hours in Fig. 4. 


a 


REPT ees Vek eke 


TET PERATURE RISE OVER £?00/7-"C. 


& 


t0 fh (6 (8 £0 £8 £6 26 28 K 
TIME -HOURS 


Fie. 4—Orm anp WINDING TEMPERATURE Rises ABOVE 
-Room CaLcuLaATED FOR THE TRANSFORMER OF ASSUMED Con- 
STANTS UNDER THE FOLLOWING CONDITIONS: 


(A) 125 per cent load and excitation, starting at room temperature. 

(B) 100 per cent load and excitation, starting at oil temperature rise 
due to core loss alone. 3 

(C) 125 per cent load. applied after conditions are constant for (B). 

Winding temperature rises above room are obtained by adding the 
winding rises over oil (Fig. 3) to the oil rises. Calculations of 8 for the oil 
rises are shown in the text. 


temperature whereas the W used in 8 is the loss at the 
initial temperature before the change. 

It will be noted that in all three cases the value of 8 
for coil rise over top oil remains the same. This is due 


to the fact that 6, is taken as proportional to W, which — 


would not be the case if resistance corrections were 
considered or if a winding were assumed whose con- 
struction caused it to follow formula (1). 
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COMPARISON OF TESTED AND CALCULATED RISES 


A comparison of tested coil temperature rise over top 
oil and that calculated by formula (4) is shown in Fig. 5. 
Insulated thermocouples were inserted in a horizontal 
disk coil stack, and various currents, in excess of nor- 
mal to get higher readings to minimize any absolute 
errors, were put through the windings. A thermocouple 
was selected which was representative of the coil rise 
over oil by resistance. Readings were taken at inter- 
vals during the time required to attain final rise over 
oil. The calculated values are somewhat higher at 
first than test, but this may be due to the insulation, 
between the copper and the thermocouple, causing a 
temperature lag in the readings. The calculated 
values of 8 are shown in the figure. 


ee 


— CALCULATED BY FORMULA 
® 200% CURRENT 
X (33 Yo CURRENT 
© /00% CURRENT 


TEST 


o 
° 


& 
G 


8 


8 


© 8 8 8.28 


& 


O-COlL TEMPERATURE RISE OVER Of6-°C 


Gee Se eS 


2 *0238 


6 8 0 /2 /# (6 (8 20 22 #4 26 28 30 
TIME ~ MIINUOTES 


Fig. 5—VARIATION OF Coit TEMPERATURE Risk Over OIL, 
WITH TIME, FOR VARIOUS CURRENTS, AS OBSERVED BY THERMO- 
COUPLE ON Disc Corns IN HortzonTaL Position 


‘An important point to be noted in connection with 
Fig. 5 is that, since 6; does not increase as fast as W for 
this type of winding, 6 increases for the higher values of 
current. An inspection of the test values shows a 
confirmation of this method of calculating 8, for the 
greater the current, the quicker is a given percentage of 
final rise attained. 

To determine how closely tests would agree with the 
type of calculation shown in (c) of Fig. 4 for oil tem- 
perature rise, a 75-kv-a. transformer was given 100 
per cent load and excitation starting at room tempera- 
ture. Hourly readings were taken to determine the 
variation of top oil temperature rise over room with 
time until the readings were practically constant. 
Then 125 per cent load was applied, and the readings 
continued until conditions were again practically 
constant. The readings and calculation of 8, and the 
factors on which it is based are shown in Fig. 6. The 
observations made in connection with Fig. 5 apply here 
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also. 6; has not increased as rapidly as W (see formula 


1) and consequently 6 has increased about 50 per cent 
in the overload. The generai conclusion is that when 
the ratio of W to 6; is not constant in all cases, 8 should 
be calculated for the particular load and initial condi- 
tion under consideration. 


For the purpose of checking up the form of calculation 
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Fic. 6—Variation or Tor Or TEMPERATURE, RISE, WITH 
TIME, IN A 75-Kv-A. TRANSFORMER. 100 Prur Cent Loap anp 
Excitation AppLieD aT Room TEMPERATURE Untiut RISE Is 
Constant, FounuowEeD BY 125 Per Cent Loap Untin Con- 
DITIONS ARE AGAIN CoNsTANT. (Srmiuar To (C) in Fie. 4) 


shown in (b) of Fig. 4 for oil temperature rise, a 100- 
kv-a. transformer was put under excitation until the top 
oil temperature rise caused by the core loss was con- 
stant. Then normal load was applied and the top oil 
temperature rise observed hourly until practically final 
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Fic. 7—VartaTIion or Top Or, TEMPERATURE RISE, WITH 
Tims, IN A 100 Ky-a. Transrormer. Norman Loap Appiiep 
AFTER Constant Top Oi, TEMPERATURE Risz, Dur To Core 
Loss ONLY, HAS BEEN ATTAINED. (SIMILAR TO (B) IN Fia. 4) 


rise was attained. The observations obtained, and the 


calculation of 8, are presented in Fig. 7. Hourly read- 
ings were also taken as the top oil was heating up due to 
core loss. They check up very closely with the cal- 
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culated values, but since they are of minor importance 
they are omitted. 

The 100-kv-a. transformer, whose performance is 
shown in Fig. 7, was also tested starting at room tem- 


€ & 8&8 
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Fic. 8—VariaTion or Top O11 TEemPprRaTuRE Rist, WTIH 
Time, In A 2000-Kv-a. TransrormMeR. Norman Loap anp 
Excitation APPLIED STARTING AT Room TEMPERATURE. 
(SrmiLar TO (A) In Fia. 4) 


perature, with a good agreement of tested and calcu- 
lated values, but due to the similarity of the test to 
the one starting with core loss: temperature, it is not 
reproduced. Figs. 6, 8, 9, 10 show how well the formula 
checks tests starting at room temperature, regardless of 
the size of transformer, for 75, 2000, 5000 and 12,500 
kv-a., respectively.. These observations of top oil 
temperature were all taken hourly as the transformers 
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Fig. 9—Variation or Tor Or, TEMPERATURE RISE, WITH 
Time, tn A 5000-Ky-a. TRANsFoRMER. Norman LoaD AND 
Excitation ApplLieD STARTING AT Room ‘TEMPERATURE. 
(Srminar To (A) In Fia. 4) 


were heating up, starting at room temperature, after 
100 per cent load and excitation had been applied, 
conditions similar to those of (a) in Fig. 4. The 
calculated values of 8 are given in the respective figures 
in addition to the test data. 

A general inspection of Figs. 5 to 10 shows that the 
calculated curve does not reach a maximum and flatten 
out quite as quickly as the test results. This is due to 
the fact that theoretically the exponential curve does 
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not become constant until infinity. After a certain 
per cent rise has been attained, extending the calcula- 
tion several hours, in considering oil rise, may result in 
the addition of only one or two tenths of a degree. 
This is obviously absurd. Since commercial thermom- 
eters and thermocouples are seldom more accurate 
than + 0.5 deg. cent., calculations may be shortened by 
carrying them only up to within 0.5 deg. cent. of final 
rise. 


RESTRICTIONS IN THE USE OF THE FORMULA 

While the proposed method should apply to the 
majority of self-cooled transformers, it would be mis- 
leading not to indicate some of the factors which may 
affect its applicability. 

Considering first the question of coil rise over oil, 
it is apparent that the windings should be practically 
thermally independent of any surrounding medium 
except the oil, which carries away heat from the wind- 
ings chiefly by convection. If, for instance, the coils 
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Fig. 10—VariaTion or Tor Orn Temperature RiIsb, WITH 
Time, In A 12,500-Ky-a. TRANSFORMER. NorMAL LOAD AND 
Excitation Appninp STARTING aT Room TEMPERATURE. 
(SIMILAR TO (A) IN Fra. 4) 


are wound directly on the core, as in the case of many 
small transformers, there is a flow of heat into the core 
by conduction in addition to that given to the oil. The 
result is a very complicated thermal condition as far as 
-calculation is concerned. Naturally, such a winding 
will not rise in temperature as fast as the proposed 
formula would indicate for a similar winding separated 
from the core by an insulating cylinder, for example, 
since, in such a case, the formula would indicate too 
high arise. Tests would be necessary to show the true 
heating curve in order to get the safe maximum per- 
formance for any given design. It might be possible, 
by adding a portion of the core’s thermal capacity to 
that of the copper, to ‘get a good approximation but the 
amount added would be empirical, consequently it is 
impossible to give any general rule that would apply to 
all cases. ; 


Before applying the formula to top oil temperature 


rise, it might be well to consider whether the trans- 
former under consideration corresponds to the assump- 
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tions on which C in formula (7) is based. For instance, 
in small transformers of low voltage where it is not 
necessary to have large voltage striking distances the 
metal factor (weights of metal multiplied by 3.5) may 
be as large or larger than the oil factor (90 x gallons of 
oil). In that case, it may be advisable to give more 
attention to the former. The copper and iron may be 
multiplied by their respective factors of 2.96 and 3.6, 
more than 24 of the tank may be used, and the other 
metal in the transformer such as the core clamps, if 
appreciable, should be added in. Moreover, a core 
which runs at high density and consequently high mean 
temperature rise may have its weight multiplied by the 
ratio of mean core temperature rise above room to top 
oil temperature rise. If these factors are not taken into 
account the test points may be somewhat lower at first 
than the calculated. These additions should not be 
made unless it is desired to get maximum performance 
from the transformer. In any event, they should be 
made cautiously, for the formula as it stands will be 
only a little conservative for the cases mentioned above. 

About the only factor which could possibly cause the 
tested top oil temperature rise to exceed the calculated 


- would be a ratio of mean to top oil temperature rise of 


less than the 86 per cent used for the determination of C 
in Formula (7). This could conceivably happen 
through the use of a type of winding cooled in such a 
way, or so located, that all its heat is delivered to the 
oil near the top of the tank. Any doubts as to this 
point can be easily and quickly settled by placing ther- 
mometers in a vertical line from top to bottom of the 
outside of the tank in question and determining the 
ratio of the mean to the maximum temperatures read 
when the top oil temperature rise is near its normal 
value. If this ratio is less than 86 per cent, the factor 
of 90 should be decreased in like proportion. - 
TEMPERATURE LIMITS 

Although the purpose of this paper is only to indicate 
a method of calculating temperature rises, it may not be 
amiss to indicate the temperature limits which should 
not be exceeded. According to the A. I. E. E. Rules, a 
maximum rated transformer should not exceed a 
55 deg. cent. winding temperature rise by resistance 
over a 40 deg. cent. room at normal load. For railway 
transformers, a 2-hour overload resulting in a 60 deg. 
cent. rise is permitted. Therefore, this method of 
calculation should be used to show the length of time 
for which load may be maintained before the calculated 
winding temperature rise above room plus the room 
temperature, assumed for the transformer under con- 
sideration, exceeds a temperature of 95 deg. cent., by 
resistance, for maximum rated transformers, or 100 
deg. cent. for railway transformers. 
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In fact, the development of this particular method of 
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WwW Cr 
applying the exponential law to the heating of trans- log ( g— a) = ——, ¢§+ log C” 
4 : C C 
formers during a transient state was made by Mr. 
Montsinger several years ago, but it was never pub- Ww OS 
lished. Experience has shown this method to be 6 — sya laar wen S 
accurate enough for all practical purposes. 
Cc 
Appendix Nie a 4 Ce ra 
Derivation of Formula (4) 
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les Wien ral etting 8 = ——G_ = hegre 
C’ Pics Oe Caer 


Accuracy of Alternating-Current ‘Test 


Instruments 
BY S. C. HOARE? 


Associate, A. I. E. E. 


Synopsis:—The paper deals mainly with the accuracy of in- 
struments used under maintained conditions of load. Well designed 
voltmeters, ammeters, and wattmeters show very small errors due to 


RECISION a-c. instruments are today expected to 
meet demands for accuracy almost unthought of a 
few yearsago. This applies particularly to accept- 
ance and water-rate tests, which require maintained 
accuracy of instrument indication over long periods of 
time,—several hours. Compared with the d’Arsonval 
types, the a-c. instruments have relatively higher inter- 
nal losses, and are more apt to be susceptible to error due 
to maintained conditions of load. It is the purpose of 
this paper to set forth some of the errors to be expected 
and show how well some modern instruments meet the 
exacting requirements. 
Instruments for field service must incorporate sturdi- 
ness of construction with a torque sufficiently high to 


1. Standardizing Laboratory, General Electric Company, - 


West Lynn, Massachusetts. 


Presented at the Regional Meeting of Dist. No. 1, at Swamp- 
scott, Mass., May 7-9, 1926. ; 


self-heating and changes in ambient temperatures. Iron-vane 
ammeters are described which have small errors due to direct- 
current hysteresis and changes in wave-forms. 


insure dependable behavior, provided the two features 
are not incompatible with good sensitivity and low 
losses. By torque, we refer to the absolute value and - 
not necessarily the torque to weight ratio, though the 
latter must receive some consideration. It is not so 
much the torque to weight ratio, but torque itself 
which determines the life of accuracy in an instrument, 
other things being equal. 

An instrument can be no more constant in indication 
than are its control springs, and we accordingly begin 
with springs and treat of the various factors tending to 
cause errors. 


SPRINGS 


A great deal of development work has insured that, 
with careful selection and treatment of the bronze, 
a control spring which is almost ideal can be made. 
This is fortunate inasmuch as other instrument refine- 
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ments would be of little value with springs possessing 
appreciable “‘set”’ and “fatigue” characteristics. 

_ Well made and properly mounted springs do not show 
“set”? in instruments having the usual 90-deg. scale 
angle, and ‘‘fatigue’’ amounts to less than one minute of 
are. This applies to the most severe conditions of 
stress, and means that the pointer should return to 
zero within one thickness of its thin knife-edge im- 
mediately after release from a four-hour 90-deg. 
deflection. With the ordinary four-inch pointer, the 
deviation from zero would not be greater than about 
0.004 in., barely perceptible. 

The temperature coefficients of both elasticity and 
resistivity, while not small in value, are, however, 
quite definite and can be compensated for in the layout 
of the various circuits o the instrument. 


TEMPERATURE ERRORS 


Present day demands are such that the precaution 
of removing instruments from the circuit after reading 
cannot always be observed. Instruments must, there- 
fore, indicate, with good accuracy, continuously, over a 
period of hours instead of minutes. This requires 
among other things a consideration of the effects of 
temperatures due both to self-heating and to ambient 
changes. 

We do not generally expect errors due to changes in 
mechanical dimensions, but some instruments do have a 
tendency for stickiness with an increase in temperature. 
This is due to the high expansivity of the shaft which 
makes it “‘freeze’”’ in its jewel bearings. This especially 
applies to shafts of aluminum or its alloys. The defect 
could, of course, be corrected by setting the shaft loose 
in its jewels, but with a risk of ‘“‘wobbly” and uncertain 
indication under normal temperature conditions. A 
better way is to use material of low expansivity. 

The factors most apt to cause errors during sustained 
conditions of load has been that of inconstancy of the 
control springs. Though not always the case, many 
instruments today have springs of a quality which 
precludes further consideration of spring inconstancy 
in this paper. 

Temperature effects, however, are inherent to all but 
the electrostatic types and offer a more serious problem. 
The elasticity of the control spring decreases about 
0.04 per cent per deg. cent. rise in temperature at 
ordinary room temperatures, and by this amount, 
tends to make the instrument indicate high. The 
potential circuit, consisting of windings of copper or 
aluminum, in series with a “‘swamping”’ resistor, is 


increased in resistance with a rise in temperature. 


This makes for a lower instrument indication. The 
two effects tend to compensate each other to a degree, 
depending upon the proportion of windings and series 
resistor in the potential circuit. 

At ordinary room temperatures the windings increase 
in resistance by about 0.4 per cent per deg. cent. rise, 
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and the series resistor remains practically constant in 
value. If the circuit is adjusted so that the resistance 
of the windings is one-tenth that of the whole circuit, 
then its resistance will increase 0.04 per cent per deg. 
cent.rise. Itmight seem that this proportion would effect 
perfect compensation for effects of the control spring. 
However, due, to different rates of heat dissipation, it is 
generally necessary to use other circuit proportions than 
that of 1 to 10, depending upon the make and type of 
instrument. 

In wattmeters, the resistance of the moving coil may 
be too low to effect any great degree of compensation. 
Thus, they may indicate high with increase of tempera- 
ture. The comparatively high proportion of windings 


Fie. 1 


resistance to total resistance,—unavoidable in volt- 
meters,—tends for overcompensation, and it is there- 
fore found that voltmeters may indicate low with 
temperature rise. 

Ammeters of the iron-vane type are inherently of a 
high-torque, which permits us to use windings of few 
turns and consequential low resistance. The self- 
heating errors are, therefore, small and we may expect 
errors due only to changes in ambient temperature. 

The sign and magnitude of temperature errors in 
a-c. instruments may, therefore, vary with different 
conditions of load, instrument connections and room 
temperatures. .The errors are largely eliminated by 
careful design and construction. Features receiving 
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special consideration are, (a) internal losses and over- 
load capacities, (b) proportion of component parts of 
the various circuits, and (c) compensating circuits. 

Accuracy of indication under sustained loads is not 
attained at the expense of other desirable features as, 
for example, high torque, low internal-phase angles, 
and low frequency and wave-form errors. Such 
compensating schemes as we find necessary to apply 
must vitiate none of these important features. — 

A common form of compensating scheme used for 
both wattmeters and voltmeters is that given in Fig. 1. 
Here M C denotes the moving coil and R,, R. and R; 
non-inductive, non-capacitive resistors. Effective com- 
pensation is secured with the proper values of both 
resistance and temperature coefficient of resistance of 
R,and R,. The arrangement is not, however, critical 
of adjustment. If the initial error in the instrument is 
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positive, (as is often the case in wattmeters), then we 
may make Ff, of copper wire, and R, of wire possessing 
a negligible temperature coefficient of resistance. The 
effect of an increase in temperature then, is to reduce 
the current in the moving coil by the amount necessary 
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Variation of instrument indication with time under maintained load 
conditions 


for compensation. In voltmeters the circuit constants 
would be interchanged. 

Though effective in compensating for temperature, 
the circuit of Fig. 1 is almost certain to cause in watt- 
meters large and indefinite inductive errors. The 
shunting of the moving coil branch with the relatively 
low resistor R.may cause serious errors due to mutual 
inductance. It is not generally possible to secure good 
temperature characteristics with R,and R, of resistance 
values high enough to avoid complications due to phase 
angles. 

This form of circuit should be reserved for voltmeters. 
Voltmeters are not sensitive to small differences of 
phase-angle between moving coil and field coil 
currents. 

For wattmeters, the series method of compensation 
given in Fig. 2 is preferred. It is equally as effective 
as the shunted arrangement and does not disturb the 
internal phase-relations of the instrument. , in this 
case is a small copper wire resistor placed near the 
spring. 
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Variation of instrument indication with time under different maintained 
load conditions 


The curves of Figs. 3, 4 and 5 contrast the per- 
formance of some compensated instruments with those 
of the ordinary types. The curves for wattmeters 
show first, the initial dip due to increase in resistance of 
the moving coil, and second, as heating continues, the 
upward trend due to decrease in elasticity of the 
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spring. Finally, as the compensation becomes more 
and more effective the curves gradually flatten out. 
The curves for voltmeters show much the same char- 
acteristics, though the effect of the spring is inconsider- 
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Variation of instrument indication with time under maintained load 
conditions 


able. Figs. 6 and 7 are indicative of what may be 
expected in good instruments when used under widely 
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Variation ‘of instrument indication with time under different maintained 
load conditions 
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Variation of instrument indication with time under different maintained 
load conditions 


different conditions of loading. Errors observed with 
one deg. cent. rise in ambient temperature are given in 
Table I. 


May 1925 
TABLE I 
Ordinary Compensated 
Type Type 
RNAtGMMGGCLS) voSivetaata, miach actin: + 0.03% + 0.006% 
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INTERNAL PHASE ANGLES 


These are due both to self inductance in the potential 
circuit and to mutual inductance in the windings. We 


are concerned ordinarily with the effects of phase- 
angles in wattmeters when used on circuits of low power 
factor, though it is also possible for voltmeters and 
ammeters to show errors due. to phase-angles. Volt- 
meters and ammeters in which are incorporated certain 
compensating circuits can be quite sensitive to varia- 
tions in both frequency and wave form due among other 
things to incorrect ‘‘time constants” of the circuits. 

Mutual inductance effects are negligible in well 
constructed instruments, and in fact the only possi- 
bility of errors from this cause lies either in short- 
circuit turns in the windings or in the use of low voltage 
connections in instruments designed for higher voltages, 
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Variation of calculated inductive correction with load power factor 
Corrections to be added for leading current; subtracted for lagging current 


z1.e., the results of a 30-volt connection in the ordinary 
150-volt instrument should be regarded with suspicion. 
Wattmeters compensated for temperature with the 
shunted arrangement of Fig. 1 are very apt to show 
errors due to mutual inductance. 

Low phase-angles are, of course, very desirable 
but it is equally desirable that such as do occur be 
definite and amenable to calculation. Eddy currents 
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induced in metal frame-work and certain temperature 
compensating circuits tend to give uncertainty both to 
sign and magnitude of the inductive errors. The 
multiple connection employed in the current winding to 
obtain higher ratings may add further complications, 
due to inequalities. Equality, which is necessary to 
avoid the presence of parasitic currents in the circuit, is 
more nearly approached with the multiple connection 
of two distinct conductors, than with two separate coils. 
Fig. 8 illustrates how equality is obtained in a high- 
capacity wattmeter current winding. Well designed 
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Variation in indication due to irregular wave form 


series resistors are, for all practical purposes, both non- 
inductive and non-capacitive, though in some of the 
older forms capacitance predominated with the re- 
sulting complications. 

A representative curve of inductive corrections for a 
wattmeter is given in Fig. 9. It is computed for 
60 cycles. 


FREQUENCY AND WAVE FoRM 


Except for induction errors, wattmeters are insensi- 
tive to variations in commercial frequency and wave 
form. 

The relatively high self-inductance of voltmeters 
involves a careful consideration of their “time con- 
stants”’ if they are to be used interchangeably on direct- 
and alternating-current circuits. There should be no 
detectable variation in indication between mean re- 
versed direct-current and an alternating-current of 
60 cycles. In terms of 125 cycles, the variation ought 
to be no more than 0.05 per cent,—barely perceptible. 
Voltmeters of the electrodynamic type are unaffected by 
ordinary wave distortion, provided they are free of 
frequency errors. 

The iron vane ammeter, though practically insensi- 
tive to variation in commercial frequency was, until 
recently, quite susceptible to changes in wave form. 
The use of new magnetic materials enables us to reduce 
errors from this cause from about 0.5 to 0.1 per cent. 
(Fig. 10.) These errors refer to wave forms having 
prominent third and fifth harmonics. 


HYSTERESIS ON DIRECT CURRENT 


Shielded wattmeters and voltmeters of the electro- 
dynamic type show no differences in indication with 
reversal of direct-current if the shields are free of 
permanent magnetism. Extreme overloads may, how- 
ever, give to the shields a definite magnetic polarity, 
and it is well to check the instruments occasionally for 
this condition. 


Previously, the iron-vane ammeters were very sus- 
ceptible to magnetic hysteresis, and the variation in 
indication with reversed direct-currents was great 
enough to prevent even a fair degree of accuracy. 
The magnitude of these’ errors depends upon the pre- 
vious history of magnetization of the iron. Aside 
from the ordinary form of hysteresis, due to changing 
polarity and magnitude of the magnetic flux, the iron 
is also susceptible to changes in direction of the flux 
through it. We may call the latter “rotational hys- 
teresis.”” Instruments having the irons mounted 
eccentric to the shaft exhibit effects of rotational hys- 
teresis to a marked degree. 
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Fig. 11—Iron-Vane AMMETERS 
Variation in instrument indication with direct-current showing effect of 
magnetic hysteresis 


New and specially prepared magnetic materials now 
enable us to construct iron-vane ammeters having 
little hysteresis error. Errors of two per cent so fre- 
quently observed in this type have been reduced to 
about 0.3 per cent (Fig. 11). For alternating-current 
work it would appear that the present-day iron-vane 
ammeter is a very dependable instrument. In view of 
the improved wave-form and hysteresis characteristics, 
this type is to be preferred over the low-torque and high- 
impedance type employing the shunted, moving-coil 
principle. The latter type is of course useful in the 
laboratory in making a-c. = d-c. comparisons. Lab- 
oratory standard ammeters are, therefore, of the 
shunted electrodynamic type. 


STRAY-FIELD ERRORS 


High-grade a-c. instruments are sufficiently well 
shielded to prevent errors from stray fields under or- 
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dinary conditions. Possibility of error in instrument 
of high-current rating is remote if we use twisted 
conductors. 

A field of 20 gauses “‘in-phase”’ is equivalent to about 
100 times the horizontal component of the earth’s 
magnetism, or the field 12 inches distant from a long 
straight conductor carrying 3000 amperes. In shielded 
instruments, this field should cause no error greater than 
about 0.4 per cent of full scale. With ordinary condi- 
tions of use, stray-field errors would than be undetect- 
able. In general, we find that the higher-torque 
instruments are the least affected by stray fields, 
which is an argument for high torque. 

To eliminate eddy currents and hysteresis, the shields 
are built of well-insulated laminations. Low power- 
factor errors in wattmeters have sometimes been 
traced to eddy currents in the shield. Improper 
methods of bolting the laminations together may be 
responsible for these errors. 


The shunt compensating scheme of Fig. 1 in the 
paper is due to Swinburne (1887) and the series scheme 
of Fig. 2 was suggested by Dr. H. B. Brooks in his paper 
“The Accuracy of Commercial Electrical Measure 
ments,” (A. I. E. E. TRANSACTIONS, Vol. XXXIX, 
part 1, p. 517). A complete and comprehensive treat- 
ment of the effects of self- and mutual-inductance is 
given in this paper of Dr. Brooks. Reference is also 
suggested to C. V. Drysdale’s paper upon the subject 
of inductive errors and given in the Electrician (London), 
Vol. 46, pp. 774-8, 1901 and Vol. 76, pp. 523-5, 
1916. 


Discussion 


C. G. Brown: As a-c. ammeters were previously made, 
the d-c. readings were so different according to the direction of 
flow of current that it was not feasible to calibrate on d-c. The 
metal in the moving system of the, a-c. ammeter which Mr. 
Hoare has described has its direct and reversed d-c. readings so 
nearly alike that when necessary it can be checked on d-c. 

B. W. St. Clair: One of the very important points of in- 
strument construction mentioned in Mr. Hoare’s paper that hasa 
great deal to do with the dependability of instruments in service 
is that of instrument springs. The forees involved in indicating 
instruments are surprisingly small. The usual full-scale torque 
range is from 0.1 millimeter-gram to 10 millimeter-grams, which 
translated into more usual terms corresponds to 6 X 10—-° to 
6 X 10-7 ft-lb. Despite the smallness of the forces. involved, 
the spring does a remarkable piece of work, as in the 
better grade of test instruments the error of its indication is 
generally less than 0.1 of one small division, which is approxi- 
mately one partina thousand. Translated into other terms, the 
ordinary instrument spring on the better-grade instruments is 
dependable to about one minute of are. Dependability of this 
high order is secured only by very careful choice of materials, 
unusual manufacturing facilities and by great care in the mount- 
ing of the spring in its final supports in the instrument. 

I mention the springs as one of a number of very highly im- 
portant members that contribute to the final dependability of 
the instrument. The magnets, the bearings, the constancy of 
shape of the windings, and many other factors are of equal 
importance. 


The Measurement of Electrical Output of Large 


A-C. Turbo Generators During Water-Rate Tests 
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Synopsis:—The water-rate of large a-c. turbo-generators is 
determined in place with the generator supplying power to the exist- 
ing commercial load. Such procedure requires that the electrical 
output be accurately measured under conditions where the load is 
practically always varying slightly, and where it may be varying 
considerably. Portable test meters are frequently used for such 
measurement. The use of portable indicating wattmeters is abso- 
lutely feasible for such measurement even where the load variations 
are extreme, with the resultant accruing advantage that the superior 
operating characteristics of the portable indicating wattmeters, 
particularly as regards their permanency, are utilized. 

Either the two-wattmeter or three-wattmeter method for measuring 
the power of a three-phase circuit may be employed. 


Great care should be used in selecting instruments, particular | 


reference being made to their past history. Comparisons against 


INTRODUCTION 


HIS paper describes the methods used in measuring 

the electrical output in forty series of water-rate 

tests during the past five years on thirty-one 
machines located in twenty different power plants in 
this country. The machines tested ranged in rating 
from 10,000 kw. to 45,000 kw., and the test loads were 
the usual commercial loads supplied by the respective 
machines. 

These tests were either guarantee acceptance tests or 
were for purposes of determining the improvement in 
water-rate produced by advance in machine design. 
Measurements of maximum possible accuracy were 
thus required and all means known to the art for at- 
taining such results were available for use as far as they 
could be applied under the conditions imposed when 
testing on commercial loads. 


INSTRUMENT CONNECTIONS 


The usual load being connected three-phase, the 
three-wattmeter method was used in practically all of 
the series of tests because of its symmetry. The 
connections are shown in Fig.1. The generator neutral 
being available in practically all large turbo-generators, 
the connections for the three-wattmeter method are 
easily made, a set of instruments being connected into 
each phase. Values of phase voltage, current, and 
power are thus measured directly, from which measure- 
ments the phase power factor can be readily calculated. 
These values are required for making the necessary cor- 
rections to the readings of the wattmeters. Since the 
phase power unbalance is usually not more than two or 


1. General Engineering Laboratory, General Electric Co., 
Schenectady, New York. 

Presented at the Regional Meeting of Dist. No. 1, Sie 
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secondary standards should be made under conditions simulating 
those of the test. 

Observations are made at frequent intervals depending upon the 
accuracy desired in the final result. 

The accuracy of the final values of water-rate obtainable in prac- 
tise 1s such that the per cent average deviation from the mean will 
be within + 0.25 per cent. This means that practically all individ- 
ual test results will fall in a belt 1 per cent wide, while the probably 
true value of water-rate will be located within a belt which willvary in 
width from 0.5 per cent to 0.25 per cent depending upon the conditions. 

The results of a water-rate test on a highly variable load wherein 
the electrical output was measured with portable indicating watt- 
meters and the observations were obtained both with moving-picture 
cameras and by observers show the equality of the performance of the 
observers and the cameras under the existing conditions. 


three per cent, the three sets of instruments are opera- 
ting under practically identical conditions which is an 


‘advantage both when comparing the instruments and 


applying corrections, and in operating with them. 
There is no disadvantage as regards measurement, 
however, if the phase unbalance is large, as the phase 
values are directly measured in each case. Since the: 
phase power factor is the same as that at which the 
wattmeters are operating, and since the former is rarely 


—T*Polarity Marks To Load — 


7 


2, ap tine 
ae 3 
Generator neutral 


may be grounded 


«Fuses 
Polarity Marks 
+= Ph. 3 


Instrument 
Current Instrument fr 
ansformers Potential 
Transformers: 


te 


4 
y Ph. 2 


si i0r : 
ungrounded [ie fe 2 | 
\S\A Boia 


W.H.M W.H.M i | 
WH. { — = 
7 te} [vi] 
a iH HE i + || V-M.= Voltmeter 
= = - A.M = Ammeter 
i = | W.M.- Wattmeter 
A W.H.M = Watt- 
Cl L U hourmeter 
W.M _ (Portable Test Meter) 
es W.M- W.M-? 
Phase 1 Phase 2 Phase 3 
Observer No.1 Observer No.2 Observer No.3 


Fig. 1—D1acram or CONNECTIONS AND TABLE LAYOUT FOR 
Mrasurine EvectricaL Power In 4 THREE-PHASE CIRCUIT 
Usine THE T'HREE-WATTMETER MeEtHop 


less than,0.8, the wattmeters are operating under their 
best condition which is near to unity power factor. 

The two-wattmeter method was used in some series of 
tests. The connections are shown in Fig. 2. The two- 
wattmeter method requires less equipment and one less 
observer than the three-wattmeter method, but it is not 
symmetrical because the phase relation between the 


current and voltage supplied to the respective watt- 


meters differs from that of the load, and is different in 


623 - 


624 


the respective wattmeters. The actual conditions 
as regards the current, voltage, and phase relation be- 
tween them for the individual wattmeters can be 
determined from the well-known relations existing when 
measuring three-phase power by the two-wattmeter 
method. These values must be known when deter- 
mining the conditions under which the wattmeters are 
to be compared, and when correcting the wattmeter 
readings later during test. Except at unity power- 
factor load the indications of the two wattmeters will be 
at different portions of the scales; this requires that 
consideration be given the wattmeters individually as to 
the suitability of scale range. When the load power 
factor is 0.8, current lagging, and load balanced, the low- 
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reading wattmeter is operating at a power factor of 
0.39. This is not at the best operating point of a watt- 
meter as regards power factor. If the generator neutral 
is grounded and a ground occurs at any other point on 
the system, the power may not ke correctly measured. 
For this reason the generator neutral should be un- 
grounded during test. 

Experience does not indicate that there is any real 
difference in the over-all accuracy of a water-rate deter- 
mination whether the three-wattmeter method or the 
two-wattmeter method is used, provided that the exist- 
ing conditions are determined and the proper cor- 
rections made for same in each method. Where a 
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large number of series of tests are to be made under 
widely varying conditions, it is felt that these condi- 
tions can be determined and the necessary corrections 
applied more easily when using the three-wattmeter 
method. For this reason the latter method has been 
generally used,*in spite of the increased equipment and 
additional observer required, and the uniformly satis- 
factory results obtained thereby have justified this 
selection. 


INSTRUMENTS 


Portable indicating wattmeters have been chosen for 
measuring the electrical output because of their superior 
characteristics, particularly as regards their perma- 
nency. Portable test meters have usually been used in 
parallel with the indicating wattmeters as shown by the 
connections Figs. 1 and 2. This was done to study the 
operating characteristics of both indicating instruments 
and portable test meters. 

For water-rate tests, where sustained accuracy is 
required, instruments exhibiting the most permanent 
calibration characteristics should be used. In order 
to select such instruments from any group available, 
they should be compared regularly with secondary 
standards and a careful record should be maintained of 
all such comparisons made. By means of such a record 
over a number of years the instruments of greatest 
permanency will be disclosed. Such a procedure is of 
greatest importance and should be regularly followed, 
especially with the wattmeters. Table I shows the 
results of successive comparisons made upon a portable 
indicating wattmeter thus selected from a group of 
similarly madé instruments. The wattmeter was car- 
ried from. laboratory to laboratory by messenger. The 
results show no difference practically greater than 0.1 of 
1 small scale division. This is typical of the perform- 
ance possible from selected instruments. From such a 
proof of permanency of calibration possible in high- 
grade portable indicating wattmeters, the surety for 
sustained high accuracy throughout a series of tests is 
evident. 

Having selected the instruments, it is necessary that 
they be compared against secondary standards, under 


TABLE I 
SUCCESSIVE COMPARISONS OF PORTABLE INDICATING WATTMETER, RATED 5/10 AMPERES, 150/300 VOLTS, 500/1000/1000/2000 


WATTS. COMPARISONS MADE ON 5-AMPERE 150-VOLT CIRCUIT 
Standard- Bureau of 
izing Lab- | G. E. Co. G. E. Co. G. E. Co. G. E. Co. G. E. Co, G. E. Co. G. E. Co. G. E. Co Standards | G. E. Co. 
oratory. |Schenectady| Pittsfield |Schenectady Erie Cleveland Ft. Wayne | Schenectady | West Lynn. | Washington |Schenectady 
Location. ie Xe Mass. ING Xe Pa. Ohio Ind. IN Mass. Dac, nS an 6 
Date. 9-13-20 9-16-20 9-18-20 9-20-20 9-22-20 9-25-20 10-8-20 10-11-20 10-22-20 10-29-20 
Watts Instrument Reads 
0 ame 0 0 0 0 0 0 0 0 0 
50 50.0 50.0 + 50.0 no 
observation 50.5 — 51.0 50.0 50.25 50.7 50.25 
100 100.5 100.5 100.0 + 100.0 + 100.5 — 100.5 100.0 + 100.5 — 100.8 100.5 
200 200.0 200.5 200.0 200.0 + 200.0 — 199.5+ 200.0 200.0 200.0 200.0 — 
300 300.0 300.0 300.0 300.0 300.0 300.5 — 300.0 300.0 300.2 300.0 
400 400.0 400.0 400.0 401.0 399.5 400.0 400.0 — 399.5 399.9 _ 400.0— 
500 500.5 500.5 500.5 + 500.0 500.5 + — 501.5+ 500.5 501.0 501.2 


0.1 of 1 small scale division is 0.5 watts 
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conditions simulating test conditions. Ammeters 
and voltmeters should be compared at major scale 
points, with preferably the same kind of current and 
voltage to be measured during test. Wattmeters may 
be compared using direct voltage and current by using 
the average of direct and reversed readings. This 
assumes that previous measurements have been made 
on the instruments and standards employed to assure 
the correctness of such procedure. The value of the 
voltage maintained on the potential circuit of the 
wattmeter during comparison should be the test value. 
The interconnections of the potential and current coil 
maintained during the comparison should be likewise 
maintained during test. The value of the phase angle 
of the potential circuit of the wattmeter requires con- 
sideration, though in all high-grade wattmeters this is 
quite small, such as three to five minutes, and may 
usually be neglected without error in final result. 

Attention should be directed to the small scale di- 
visions of the wattmetevs to see that these are properly 
located. A scale wherein the small scale divisions are 
improperly located should be replaced with a scale 
properly made. As mentioned above, when using the 
two-wattmeter method, one wattmeter may be indica- 
ting at the lower end of thescale; it is necessary, under 
these conditions, that the scale be open at the lower end. 

In order to be assured that there is no heating error 
in the wattmeters due to continuous operation during 
the water-zate test, comparisons should be made at the 
beginning and end of a heat run on the wattmeters at 
normal voltage and maximum current to be measured. 
If a heating error is found, correction should be made for 
same by using the comparison obtained with the instru- 
‘ment hot and then allowing the instrument to become 
hot befove use in test. However”, the best high-grade 
portable wattmetevs have practically a zero heating 
error, and such inst-uments should be used during all 
tests where maximum accuracy is required. 

If watthour meters are to be used, they should be 
calibrated and adjusted in the laboratory so as to have 
their best operating characteristics in the range of test 
values. However, the accuracy curve employed for 
correction during test, should ke obtained “‘in-place’”’ 
using the test current and voltage. This should be done 
with portable indicating wattmeters during the water- 
rate test. The connections shown in Figs. 1 and 2 
allow for such ‘‘in-place’’ checks to be made. Two- 
minute runs, with the observer reading the indica- 
ting wattmeter as rapidly as possible, which will give 40 
to 60 observations per minute, are suggested as neces- 
sary and sufficient. 

A frequency indicator, or other instruments as de- 
sired, may be included in the instrument test circuit. 

Instrument current and potential transformers of 
proper rating and accuracy characteristics should be 
chosen. Values of ratio and phase angle for the con- 
dition of loading equivalent to the instruments, meters 
and leads used during test should be obtained by rec- 
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ognized means to cover the range of test values of 
current and voltage. 

All instruments should be compared immediately 
before and immediately after the test series. Inter- 
mediate tests at two-week intervals may be advisable 
if the test series is long. Instrument transformers 
usually need to be calibrated only once during the test 
series, preferably immediately preceding it. Watt- 
hour meters must be calibrated ‘‘in-place,”’ preferably 
immediately before and immediately after each in- 
dividual test. 


OBSERVATIONS 


The instruments having been carefully selected and 
compared for the test conditions, they are connected 
into the generator line leads as shown either in Figs. 1 
or 2. After checking over connections, and comparing 
the test-instrument readings with the available switch- 
board-instrument readings to see that there are no 
major errors, everything is ready to run a test as re- 
gards the measurement of electrical output. 

Testing on commercial loads requires that means be 
provided for determining the readings of the indicating 
wattmeters over a wide range of load conditions. 
The load may be extremely variable, as in some railway 
systems, or quite steady as in a large system of combined 
power and lighting. The means employed has been to 
take a large number of observations during the test on 
the theory that if the number of observations is suf- 
ficiently large, the average value obtained therefrom 
will be accurate to within the desired limit, and ex- 
perience has justified this procedure. 


The uniformly satisfactory results of many tests 
indicate that a test of one-hour duration is ample. 
Table II shows results to substantiate this conclusion. 
If it is felt that the conditions at hand warrant tests of 
longer duration, several tests should be run at the longer 
duration and the results for each hour of the run be 


calculated. Such results will indicate whether the 


necessity for tests longer than one hour is justified. If 
such is the ease, it is quite possible that some of the test 
conditions ave not right and should be altered. In this 
connection it should be remembered that three one-hour 
tests at any load point run non-consecutively, are 
of greater value than three one-hour tests run 
consecutively. 

The observers for the indicating instruments should 
be men who are capable of comprehending the nature of 
the work they are doing and who recognize that their 
efforts should be directed towards obtaining an honest 
answer as to the value of the water-rate of the machine 
under test. Their contribution to this effort is record- 
ing the readings of the indicating instruments as they 
honestly believe them to be. Experience obtained with 
high school graduates, college undergraduates and 
graduates, and construction men of mature years, 
indicates that any of these types of men are equally 
suitable as observers during a test series including some 
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dozen or two dozen tests and continuing for one or two 
weeks. The instructions given to all observers are as 
follows: 

1. Place yourself so that you are comfortable and 
can see the instrument scale without hindrance. 

2. Study the appearance of the instrument scale, 
pointer, and mirror, and have these fixed so clearly in 
mind that you can look at them and see them with the 
same familiarity as you would a book or newspaper. 
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at a given signal, such as a bell. Unless the observers 
are widely separated, no preliminary signal is necessary. 
Instruments are read in regular order, the wattmeter 
first, followed by the ammeter and voltmeter. The 
two latter instruments need be read only at every other 
signal, or in some cases, every fifth signal. Watthour 
meters are read at the beginning and at the end of every 
test. 

_ A relief observer will be necessary. The relief can be 


TABLE II 


WATER-RATE FOR EACH HOUR OF TESTS OF LONGER THAN 1-HOUR DURATION 
Water-rate for each hour is expressed in per cent of the water-rate obtained from the test, which value is expressed as 100 per cent 


Maximum 
Turbo- Water-Rate Difference 
Generator Test Duration (Expressed on basis of 100% for 'Test Value) From Test 
Designation Designation of — Value Expressed 
Number Number Test For Test 1st Hour 2nd Hour 8rd Hour In Per cent Type of Load 
1 1 2 Hrs. 100 100.0 99.8 0.2 Rapidly 
1 2 2 Hrs. 100 99.8 100.2 0.2 { Fluctuating 
1 3 2 Hrs. 100 100.9 99.2 0.9 Railway Load 
1 4 2 Hrs. 100 100.1 100.0 Ome 
2 i 3 Hrs. 100 100.3 100.0 99.8 0.3 
2 2 3 Hrs. 100 100.1 100.0 99.8 0.2 kpsaielinet 
2 3 2 Hrs. 100 100.0 100.0 0.0 
3 1 3 Hrs. 100 100.2 99.9 99.6 0.4 
3 2 3 Hrs. 100 100.2 99.9 99.9 0.2 Steady 
3 3 3 Hrs. 100 99.9 100.2 99.9 0.2 
3 4 3 Hrs. 100 99.9 100.2 99.9 0.2 Lighting 
3 5 3 Hrs. 100 100.0 100.0 0.0 
3 6 2 Hrs. 100 100.0 100.0 0.0 and 
3 vi 2 Hrs. 100 100.1 100.0 0.1 
3 8 2 Hrs. 100 100.0 99.9 0.1 Power Load 
3. Read the position of the pointer on the scale over utilized also to read the values of field voltage and 


its image in the mirror just as you see it when you look 
at it at the designated signal with both eyes open. 
Read freely and without constraint. Record the value 


current, which as a rule need be read only at five- 
minutes intervals during a one-hour test. A super- 
visor is necessary, together with an assistant who acts 
as calculator. There are thus required four observers, 


TABLE III 
RESULTS OBTAINED BY CONNECTING ALL INSTRUMENTS IN SERIES UNKNOWN TO THE OBSERVERS 


Observers A, B, C 


Max. difference in per cent between results 
obtained by individual observers 


observed. 
Turbo Duration Time 
Generator of Test Interval 
Designation in between Load 
Number Minutes Readings Conditions 
Phase 1 
4 60 1 min. moderately A 
4 60 1 min. variable Cc 
4 60 1 min. B 
4 6 15 sec. moderately A 
4 5 15 sec variable B 
4 5 15 sec Cc 
5 5 15 sec steady A 
6 2 2 sec steady A 
6 Ye 2 sec lighting A 
6 4 4 sec and A 
6 10 20 sec power A 
6 10 20 sec load A 


Phase 2 Phase 3 Wattmeters Ammeters Voltmeters 
B C 0.04 1.13* 0.45* 
A B 0.25 0.72* 0.27* 
(0) A 0.11 1.78* 0.27* 
B Cc 0.20 0.52 0.36 
0) A 0.28 0.50 O:270 
A B 0.84 0.48 0.27 
B Cc 0.33 0.41 0.31 
B C 0.30 
B Cc 0.06 
B Cc 0.46 
B Cc 0.40 1.00 0.30 
B Cc 0.40 0.85 0.25 


*Ammeter and voltmeter read every two minutes 


4. Atall other times rest the eyes by looking around 
as desired. Do not try to average readings during an 
interval. 

5. Do not allow your readings to be influenced by 
any preconceived ideas as to what the value is probably 
going tobe. Record the result just as it appears to you 
at the time. 

Each observer is assigned to one group of instru- 
ments. Each observer reads the indicating wattmeter 


one calculator, and a supervisor. The supervisor will 
have to help the calculator after the completion of a 
days run when the observers are released. 

The supervisor and the observers will have to co- 
operate in order that the supervisor may help the ob- 
servers to do their work and to detect undesirable 
tendencies in making observations. Rotating the 
observers is good practise. A good way to compare 
observers is, unknown to them, to connect all of the 
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instruments in series on one set of current and potential 
transformers. Then run for a convenient time interval, 
preferably an hour, as during a test, and compare the 
results obtained by the individual observers. Results 
from such a procedure are shown in Table III. 

The frequency of observation necessary has been 
determined from the following rule: Readings shall be 
taken at such intervals during a test that the average of 
all the observations does not differ from the average of 
all the alternate observations by more than an assigned 
value depending upon the accuracy desired. For most 
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If, when comparing any wattmeter, the comparison at 
any point differs from the correction which has been 
used for previous corrections at this point by more than 
an assigned value (for most accurate work, taken to be 
0.3 per cent of full scale value), an additional comparison 
or comparisons should be made immediately at this 
point until their results do not differ among themselves 
by more than 0.1 per cent of full scale value, and the 
average of these results will then be taken as the value of 
the point in question at the time of this comparison. 
In the event that the excess variation (0.3 per cent of 


TABLE IV 
DIFFERENCE BETWEEN AVERAGE OF ALL THE OBSERVATIONS AND AVERAGE OF ALL THE ALTERNATE OBSERVATIONS 


Time Percent Difference between all Observations 
Turbo- Interval and all the alternate Observations, for the 
Generator between number of tests indicated Method 
Designation No. of Duration Readings of 
Number tests Hours Seconds Load Conditions Average Maximum Minimum Measuring 
I 27 4 tests, 2 hrs. 10 Rapidly fluctuating 0.20 0.72 0.01 3-wattmeter 
23 tests, 1 hr. Railway load 
7 5 1 30 Very Steady 0.06 0.10 0.00 2-wattmeter 
8 6 1 30 Very Steady 0.14 0.20 0.04 2-wattmeter 
5 4 1 60 Steady Lighting ORL 0.15 0.05 3-wattmeter 
9 7 1 60 Steady Lighting 0.12 0.16 0.08 3-wattmeter 
4 11 1 60 Variable unbalanced 0.44 1.10 0.01 3-wattmeter 
6 11 1 60 Steady Lighting 0.20 0.62 0.02 3-wattmeter 
3 3 1 60 Steady Lighting 0.18 0.39 0.07 3-wattmeter 


accurate results under practical conditions a value of 
0. 1 per cent has been adopted. For most commercial 
loads this value has been attained on one-hour tests by 
taking readings every minute. Table IV shows some 
results in this connection. 


CALCULATIONS 


The average kilowatt output for any test is the sum of 
the corrected readings of the wattmeters. The cor- 
rected reading for each wattmeter for any test is equal to 

Werle xePi le SOP 

is the average of all the corrected indica- 

tions of the wattmeters, expressed in 
kilowatts. The correction used for 
each wattmeter is the average of all the 
comparisons which are made between 
it and the secondary standards. 

C.T. is the true ratio under test conditions of the 
current transformer to which the watt- 
meter is connected. 

P.T. is the true ratio under test conditions of 
the potential transformer to which the 
wattmeter is connected. 


where: W 


P, — is the combined: correction factor for. 


phase angle of the current and potential 
transformers and wattmeter.? 
The kilowatt-hour output for any test is equal to the 
product of the average kilowatt output and the duration 
of the test in hours. 


2. See ‘Revised Tables of Correction Factors for Phase 
Angle,” C. T. Weller, General Electric Review, March 1925, and 
“Handbook for Electrical Engineers,” 2nd Edition, 1922, by 
H. Pender, Page 1929. 


full scale value) still remains, the new value found shall 
be taken as correct, and all tests in which this scale point 
may cause error should be investigated to determine the 
amount to which they have been affected. Such tests 
may have to be rejected. With the best, high-grade, 
portable indicating instruments now available, it has 
been found that the need for this procedure will be rare. 
However, a statement of such procedure is advisable for 
guidance if needed. Table V shows the results of suc- 
cessive comparisons of a wattmeter before, during, and 
after a test series including the suggested heat run. 
The test series was that described later in this paper 
(See Section entitled “Photographic Observation,’’) 
dated from Jan. 3, to Jan. 31, 1924, and the wattmeter 
was one of those read by observers. The perform- 
ance of this wattmeter shows what has been found to 
be typical of high-grade portable indicating wattmeter 
performance during many test series. : 


ACCURACY OF FINAL RESULT 


A value of accuracy of the final result of the electrical 
output alone may be arrived at from a knowledge of the 
precision of the wattmeters and instrument trans- 
formers used. However, a more satisfactory accuracy 
figure, is one which can be applied to the over-all meas- 
urement of the water-rate of the turbo-generator. 
This figure is the per cent averaged eviation from the 
mean, (defined below), and is applied to the results 
obtained from three or more tests at any given load 
point. Enough tests can be run at any load point to 


3. See “Discussion of the Precision of Measurements” by 
Silas W. Holman. Second Edition, 1904, chapter on ‘‘Direct 
Measurements.” 
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TABLE V 
SUCCESSIVE COMPARISONS OF PORTABLE INDICATING WATTMETER, RATED 5/10 AMPERES, 150 VOLTS, 500/1000 WATTS 
Place 
| Schenectady | Interborough Rapid Transit Company | Schenectady | 
; Compared by Maximum 
Change 
Gen. Eng. Lab. Electrical Testing Laboratories Gen. Eng. Lab. Small Scale 
: Divisions 

Date 12-13-23 1-3-24 1-3*-24 1-17-24 1-31-24 2-11-24 

Scale Instrument Readings 

0 0 0 0 0 0 0 0 

10 9.96 10.0 9.9 10.0 9.92 0.10 

15 14.96 15.0 15.0 15.0 14.88 0.12 

20 19.94 19.9 20.0 19.9 19.9 19.92 0.10 

25 24.94 25.0 24.9 24.9 24.98 0.10 

30 29.90 29.9 29.9 29.9 29.92 0.02 

35 34.96 35.0 35.0 35.0 35.00 0.04 

40 39.94 40.0 40.0 40.0 40.0 39.98 0.06 

45 44.96 45.0 45.0 45.0 44.98 0.04 

50 49.94 50.0 50.0 50.0 49.98 0.06 

55 54.95 55.0 55.0 55.0 55.00 0.05 

60 59.94 60.0 60.0 59.9 60.0 60.00 0.10 

65 64.94 65.0 65.0 65.0 64.94 0.06 

70 70.00 70.0 70.0 70.0 70.00 0.00 

75 74,98 75.0 75.0 75.0 75.00 0.02 

80 80.00 80.0 80.1 80.1 80.1 79.98 0.12 
100 99.90 100.0 100.1 100.0 100.0 99.96 0.20 

*Comparison made after a four-hour heat run at 400 watts, 100 volts 
TABLE VI 


bring the value of the per cent average deviation from 
the mean within any desired value. It has been found 
that a value within + 0.25 per cent can be attained in 
water-rate tests wherein the measurements of electrical 
output are taken as are described herein and where 
equal care is given in making the steam-input measure- 
ments and corrections. Any individual test at a given 
load whose value of water rate differs from the mean 
value of all tests at that load by more than 0.75 per cent 
may be rejected. It is assumed in the above discussion 
that all determinate errors have been eliminated and 
that only indeterminate errors remain. 

The per cent average deviation from the mean is 
given by the formula: 


(d, + d. + d3 + d,) 100 
AN /N 


where A is the average of the values of water-rate 
obtained from 


Per cent A. D.:= 


N tests ; 

N isthe number of tests 
and dy = W R, —A 

ds» a= W R, a A 

d, = W R,-— A, ete. 


where W R,, W R., WR, are the values of water-rate 
obtained on the 1st, 2nd and succeeding tests. The 
absolute values of d,, dy, and dn, are used regardless of 
sign. 

Table VI shows accuracy data from several water- 
rate tests on large a-c. turbo-generators. The values in 
the column headed ‘‘Per cent maximum difference be- 
tween values of water-rate obtained from tests at each 
load,’ show that practically all individual test results 
fall within a belt one per cent wide. The values in the 
column headed ‘‘Per cent average deviation from the 
mean,”’ show that the probably true value of water- 


PER CENT MAXIMUM DIFFERENCE BETWEEN VALUES OF 
WATER-RATE FOR SEVERAL TESTS AT A-GIVEN LOAD, 
AND PERCENT AVERAGE DEVIATION FROM THE MEAN 


Per cent 
Maximum 
difference 
between 
values of 
Turbo- water rate | Per cent 
Generator Number | obtained average 
Desig- of tests | from tests} deviation 
nation Load at each at each from Type of. 
Number | Kilowatts | - load load the mean Load 
10 15,000 8 0.37 +0.09 Steady, 
20,000 4 0.29 +0.09 lighting 
25,000 8 evar +0.12 and power 
30,000 9 0.87 +0.08 
11 15,000 2 0.65 +0.32 Slightly 
20,000 2 0.19 +0,07 variable 
23,000 Z 0.10 +0.04 
28,000 5 0.90 +0.11 
12 23,000 2 0.49 +0.18 Slightly 
28,000 2 0.61 +0.29 variable 
13 15,000 2 1.13 +0.40 Slightly 
20,000 2 0.00 +0.00 variable 
23,000 2 0.70 +£0.25 
28,000 2 OEE +0. 22 
14 10,000 3 0.66 +0.18 Steady, 
15,000 2 0,90 +0.32 lighting 
20,000 2 0.38 +0.13 and 
25,000 4 0.00 +0.00 power 
30,000 3 0.00 +0.00 
35,000 2 0.00 +0.00 
15 10,000 3 0.00 +0.00 More 
15,000 4 0.18 +0.04 variable 
20,000 3 0.00 +0.00 
4 15,000 4 0.53 +0.11 - More 
20,000 8 1.91 +0.18 variable 
25,000 4 0.09 +0.02 
30,000 3 0.00 +0.00 
16 23,000 4 0.21 +0.05 Steady, 
30,000 4 0.42 +0.15 lighting 
and power 
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rate is located within a belt varying in width from 0.5 
per cent to 0.25 per cent depending upon the 
conditions. 


PHOTOGRAPHIC OBSERVATION 


This paper would not be complete without-a de- 
scription of the method whereby Messrs. Kidder and 
Hall of the Interborough Rapid Transit Co. of New 
York measured the electrical output of a turbo-genera- 
tor by means of portable indicating wattmeters, the 
observations of which were made with moving picture 
cameras. The use of a second set of portable indicating 
wattmeters in parallel with the test wattmeters, and 
read by observers, gave opportunity to determine the 
effectiveness of the observers. 

The photographic measurement was made by mount- 
ing an indicating wattmeter in a vertical position together 
with a moving picture camera so focused that the scale 
of the instrument covered the entire width of the film. 
The wattmeter was provided with a special pear- 
shaped target pointer, and was properly balanced for 
operation with the shaft horizontal. Three such 


110 39,600 
100 36,000 
90 32,400 
80< 28,800 
70S 25,200 
60 = 21,600 
50a 18,000 
40S 14,400 
30% 10,800 
202 - 7,200 
10 3,600 


INSTRUMENT SCALE — DIVISIONS 


240 280 320 


120. 160 200 
TIME IN SECONDS 


Fie. 3—Loap CurRVE oN Onnr-PHASE oF TURBO-GENERATOR 
SHOWING FLUCTUATIONS OVER INSTRUMENT SCALE 


Observations obtained photographically for five minutes of one-second 
intervals. 


instruments and cameras were employed, one set for 
each phase. The shutter mechanisms of the cameras 
were operated in synchronism from a common motor- 
driven drive shaft. Number counters were so mounted 
on each instrument that the number appeared on the 
film, thus providing means for identifying all pictures. 
A watch was photographed on the film at the beginning 


and at the end of each test to obtain the rate of observa- . 


tion. Suitable illumination was produced from mer- 
cury vapor tubes. The entire installation was mounted 
in the generator room near the machine under test. 

The shutter operating mechanism operated the 
shutters at one-second intervals for short-time duration. 
For long-time duration such as one-hour test periods, 
the fastest practicable rate was about one operation 
per seven seconds, which was the rate maintained during 
the water-rate tests. — 

Readings were obtained from the film after develop- 
ment by projecting the image on a screen through a pro- 
jector and reading the value shown by the pointer. 
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Readings were easily made to within 0.1 small scale 
division of the wattmeter scale, which is 0.5 watts. 


The instruments were compared by setting up sec- 
ondary standards at the instrument installation in the 
generatorroom. Holding scale values on the secondary 
standard, photographs were taken of the wattmeter 
indications. After developing the films, the readings 
were made from the projected image on the screen, and 
corrections thus obtained. These corrections were 
later used to correct the wattmeter readings during test. 
Comparisons were made of the instruments before and 


TABLE VII 
DIFFERENCE BETWEEN AVERAGE OF ALL OBSERVATIONS 
AND AVERAGE OF ALL ALTERNATE OBSERVATIONS 


G. E. 30,000 Kw. Turbo-Generator, Interborough Rapid Transit Co., 
New York 


Difference between average of all observations 


and average of all alternate observations, 
Load Kilowatts expressed in per cent 
Photographic Method | Visual Method 
13,574 0.47 0:35 
14,812 0.29 0.30 
15,535 0.66 0.18 
16,439 0.06 0.05 
18,316 0.17 0.07 
18,333 0.16 0.48 
19,300 0.14 0.72 
19,275 0.19 0.33 
21,441 0.09 0.20 
21,468 0.23 0.45 
23,802 0.14 0.05 
23,881 0.17 0.04 
24,700 0.03 0.01 
25,524 0.06 0.01 
25,674 0.06 0.01 
25,412 0.18 0.14 
26,135 0.01 ‘0.01 
27,510 0.07 0.06 
27,131 0.11 0.21 
28,198 0.18 0.15 
26,935 0.07 0.25 
27,998 0.12 0.15 
27,891 OFLL 0.16 
29,618 0.09 0.09 
29,527 0.05 0.42 
29,989 0.29 0.31 
29,598 0.18 0.20 
Maxam ete =) ates 0.66 0.72 
IMEfana aia aay eyayer eit oes 0.01 0.01 
AVONACO. cos sernie stocks 0.16 0.20 


after the test series, and intermediate to these at two- 
week intervals. A preliminary heat run was also made, 
as previously indicated. The comparisons were all 
made by the Electrical Testing Laboratories, New York. 

The wattmeters used in parallel with the test instru- 
ments were compared at the same time as the test 
instruments except that they were read by observers. 
Observations were made during test following the 
principles as described herein. Readings were made at 
10-second intervals. Tests were of one-hour duration, 
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there being three tests each day for nine days during a 
period of four weeks. At no time did the observers 
complain of fatigue. 


TABLE VIII 
PER CENT AVERAGE DEVIATION FROM THE MEAN OF 
INDIVIDUAL TESTS FOR EACH LOAD POINT 


G. E. 30,000 Kw. Turbo-Generator, Interborough Rapid Transit Co. 
New York 


Per cent Average Deviation from 


Mean of Individual Tests 

Load Number of Photographic Visual 
Kilowatts Tests Method Method 
14,000 2 +£0.79 +0.78 
16,000 2 +0.25 +0.21 
18,000 2 +0.19 +0.02 
20,000 2 +0.34 +0 .22 
22,000 2 +0.13 +0.09 
24,000 3 +0.21 +0.24 
26,000 4 +0.22 =O 7s 
28,000 6 +0 .27 +£0.28 
30,000 4 == (ea +021 
Average (omitting 14,000 kw.)..... +0.22 +0 .20 
Average (including all tcads)....... } +0.28 +0.26 


Fig. 3 shows a typical curve of the Interborough 
Rapid Transit Company’s load. This isa railway load, 
and the continual variation was the reason for employing 


TABLE Ix 
DIFFERENCE BETWEEN WATER-RATE AS FINALLY 
ACCEPTED, AND WATER-RATE AS DETERMINED PHOTO- 
GRAPHICALLY AND VISUALLY 
G. E. 30,000 Kw. Turbo-Generator, Interborough Rapid Transit Co. 


New York 
Water rate by Water rate by 
Final photographic visual method 
Accepted method, expressed| expressed as a 
Water Rate as a percentage percentage of 
Load Expressed of final accepted final accepted 
Kilowatits as 100 per cent water rate water rate 
14,000 100 100 99.8 
16,000 100 99.9 99.7 
18,000 100 100.05 99.9 
20,000 100 100.1 100.05 
22,000 100 100.1 100.1 
24,000 100 100.05 100.05 
26,000 100 100. 99.95 
28,000 100 100.15 99.95 
30,000 100 100.1 100. 
Differences in Per cent 
Between Between Between 
photographic photographic _ visual and 
and visual and finally and finally 
accepted accepted 
Maxinigm jos... O.2 0.15 0.3 
Minimum....... 0.0 0.0 0.0 
AVCrage:.... 6... 0.1 0.07 Pure | 


photographic means for obtaining accurate observa- 
tions. This load is undoubtedly the most variable of 
the large commercial loads in this country, and results 
obtained thereon may be taken as representative of the 
attainment possible under the worst of conditions as 
regards variable load. 

The performances of the photographic method and the 
visual method are best shown by Tables VIT, VIII andIX. 
These speak for themselves and show the truly remark- 
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able results that may be obtained on a highly variable 
load with portable indicating wattmeters both as read 
with cameras and with observers. The equality of the 
results obtained by the two methods is evident. The 
art of electrical measurements is indebted to Messrs. 
Kidder. and Hail for their persistent efforts in overcom- 
ing the difficulties in the photographic method, and in 
carrying it through to a successful conclusion. 


CONCLUSION 


The water-rate of large a-c. turbo-generators can be 
determined with such accuracy that the per cent aver- 
age deviation from the mean, as defined, will be within 
+ 0.25 per cent. This means that practically all 
individual test results will fall in a belt one per cent 
wide, while the probably true value of water rate will be 
located within a belt varying in width from 0.5 per cent 
to 0.25 per cent, depending upon the conditions. Such 
results as these can be obtained on commercial loads, 
even when the load fluctuations are violent, by using 
portable indicating wattmeters read by observers follow- 
ing the methods herein described for measuring the 
electrical output, and with commensurate care in 
making the steam-input measurements and correc- 
tions. 


The author wishes to acknowledge the helpful guid- 
ance of Mr. L. T. Robinson‘ in carrying on with the 
tests described in this paper, as well as the assistance 
received from Messrs. L. J. Cavannaugh and W. S. 
Vogel of the General Engineering Laboratory of the 
General Electric Company in conducting the electrical 
measurements in many of the tests. J. L. Roberts, 
of the Turbine Department of the General Electric Co., 
deserves great credit for his contribution to this work 
being in charge of the water-rate tests. The effective 
cooperation of the personnel in the Central Stations 
where tests were made was also most cordial and help- 
ful, and their contribution to this work is hereby 
acknowledged. 


Discussion 


H. W. Oetinger: Reference is made to the checking of 
instrument transformers with equivalent secondary burdens. 
The usual procedure in determining this secondary burden 
is to calculate it from the published data of the instrument coil 
constants and the size and length of leads. Where test wiring is 
used exclusively, there can be no question regarding this pro- 
cedure but where the test instruments are inserted in conjunction 
with station instruments and wiring, there is some question as 
to what is actually in the circuit. In one ease it was found that 
coils of unknown and variable volt-ampere characteristics were 
left in cireuit. In such ecdses it seems desirable to actually 


4. See papers by Mr. L. T. Robinson as follows: 

“Testing Steam Turbines and Steam Turbo-Generators,”’ 
E. D. Dickinson and L. T. Robinson. Transactions A. I. E. E., 
1910, Vol. X XIX, part II, page 1679. 

“The Determination of Stray Losses from Input-Output 
Tests,’ L. T. Robinson. Transactions A. I. E. E., 1913, 
Vol. XXX, part I, page 531. 
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measure the secondary burden and include all connections and 
instruments to be used during the test. A voltmeter, ammeter 
and wattmeter can be used in conjunction with a load box. 
The disconnection is made at the terminals of the instrument 
transformers and voltage applied to the leads at this point. 

Under “Observations”? mention is made of readings covering 
a wide range of load variations. For such load conditions it is 
important that the wattmeters used have practically no scale 
errors within the range of possible load swings. If the generator 
output is calculated strictly in accordance with the statements 
under ‘Calculations’ this would not be necessary, but the 
usual procedure is to correct the average wattmeter reading 
only and not to average the corrected readings. The latter 
involves an immense amount of additional labor which can 
be eliminated by observing the above requirement. 

With reference to ‘‘Photographie Observations,’’ these have 
the distinct advantage of giving a permanent record of the 
instrument indications and any questionable data can be checked 
very readily by reading the film. There is, however, one point 
which should be recognized if speedy determination of the 
kilowatt output is required. By the visual method, final 
results of the test can be calculated within two hours. By the 
photographie method it is necessary to develop, dry and read 
the film which involves several times the delay required by 
the visual method. 

J. A. Johnson: In the old days, when water was measured 
by means of weirs and piezometers we never had to worry much 
about the accuracy of our electrical measurements because the 
hydraulic measurements were so much worse. But within the 
last few years, there have been new methods perfected for 
measuring the water supplied to a turbine, so that we are now 
able to get hydraulic measurements so accurate that they have 
put the electrical engineer on his toes to produce electrical 
measurements of equal accuracy. We found that the dis- 
crepancies we were getting in our over-all results were apparently 
due to inaccuracies in the electrical measurements rather than 
the hydraulic. So I weleome Mr. Lee’s paper showing that 
electrical measurements can be taken accurately by observers 
with indicating instruments, and that it is not necessary to use 
photographic methods, because it is always much easier to 
use apparatus which is available in any standard power com- 
pany’s laboratory than to have to develop special apparatus. 

W. H. Pratt: Mr. Lee’s paper shows what can be done by 
using instruments in a careful way, and it recalls tome work 
that I did about twenty-five years ago when we first had oc- 
easion to calibrate large watthour meters on very fluctuating 
railway loads. We found by averaging results on readings, 
simply taken as Mr. Lee describes, not attempting to average in 
the mind but putting down the readings as seen from moment 
to moment, that it was perfectly possible to get successive 
calibrations in agreement within a matter of a few tenths of a 
per cent, frequently within two-tenths of a per cent. So I 
think there is no doubt that this.averaging of a moderate number 
of observations is an absolutely valid method. 

In Mr. Lee’s paper the use of a portable test meter is men- 
tioned, and I think as a matter of record we should note that 
this is a use for which this meter was not originally intended. 
The accuracy that he seeks to obtain is higher than would be 
requisite when the meter is used as it is intended to be used. 
The meter in its proper field fully meets the conditions required. 


F. V. Magalhaes: It is comforting, as well as interesting, 
to those handling tests involving the ordinary instruments and 
observations, to have the accepted methods of handling tests 
proved reliable by Mr. Lee’s presentation of the use of the camera 
to check the readings of the instruments. 


I should like to use Mr. Lee’s paper as a vehicle for advancing 
a plea; and in advaucing it, it is not intended as a criticism of 
this particular paper. The plea is for a careful consideration 
and statement of the necessities involved in any problem of 
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measurement. These necessities or specifications, as well as the 
limitations of the instruments that may be selected for the test, 
should be clearly understood in the minds of those conducting 
the test. 


The use of the rotating test meter for various purposes and 
its hmitations have been quite actively under discussion during 
the past year or so and it is the use of this particular instrument 
that I wish to discuss. The uses which have been proposed or 
suggested for this instrument can be classified roughly into four 
necessities. The instrument was specifically designed to meet 
one of them but an effort is being made to use it for the other 
three. This effort has been attended with some lack of success 
and irritation on the part of those attempting it. 

Firstly, there has been for many years a-necessity for a con- 
venient portable instrument for use in the field for making 
several hundred or several thousand tests a month of the house- 
type watthour meter installed on the lines of public utilities. 
For that purpose, experiments were started possibly twenty or 
twenty-five years ago, toward the development of a portable 
test meter or rotating test meter. The conditions to be met 
were primarily portability with a combination of as many ranges 
or scales within one instrument as it was possible to develop. 
The accuracies aimed at were, let us say, within 0.75 per cent. 

Many are familiar with the successful use of the portable test 
meter in connection with the routine tests of service-type watt- 
hour meters in customers’ premises. 

The second problem is the one to which Mr. Lee’s paper 
refers; namely, the measurement of energy during water-rate 
tests or acceptance tests on generators. 

On tests of this character, the requirements for accuracy are 
more rigorous than for the field tests of commercial watthour 
meters and could probably be called + 0.25 per cent rather than 
+0.75 per cent which was set up in ease No. 1. Tests of this 
character would be made indoors in a station and it is at once 
apparent that the requirements for this test are different from 
the requirements which dictated the development of the rotating 
test meter for use in the field. There is no real necessity for 
using an instrument primarily designed for portability. Also 
the precision expected is much greater than that for which 
the portable instrument was originally designed. 

The third problem that has arisen recently is the necessity 
for a reference standard to calibrate the watthour meters used 
for the interchange of power between large systems. These 
watthour meters are, as a general rule, very few in number and 
are always located within a power house. There would again 
be no necessity for the use of an instrument specially designed 
for portable:use and an effort made to attain a precision of 
possibly + 0.25 per cent. 

A second variation of this same problem is the necessity for 
an instrument to calibrate the meters which sell energy directly 
to a small number of large customers, such as some of the 
utilities in the Niagara territory which have a total of possibly 
one or two hundred watthour meters, representing all of their 
customers as compared with other utilities having several 
thousand or several hundred thousand watthour meters. The 
instrument used to calibrate these relatively few watthour 
meters could properly be of different characteristics, possibly 
not quite so portable but providing a higher precision in the 
measurements. In this case a precision of possibly + 0.20 
per cent or 0.30 per cent might be required which again is much 
greater than the 0.75 per cent which the accepted type of ro- 


‘tating test meter now provides. 


The fourth problem is the necessity for a reference standard 
of some description in the laboratories of public utilities or 
universities or public-service commissions as an instrument to 
certify the accuracy of the rotating test meters that are used 
in the field. Here again the conditions under which the instru- 
ment would be used are laboratory conditions so that there is no 
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and the requirements for the precision of the measurements 
would be of the order of + 0.20 per cent. 


To sum it up, the present type of rotating test meter which is 
being used successfully by the utilities for making routine field 
tests of watthour meters very possibly will not meet the require- 
ments of other forms of tests which I have just outlined. It is 
possible, however, that a different form of test meter may be 
developed which will meet all of these conditions satisfactorily. 

To present an illustration from another field of measurement, 
I will refer to the subject of time measurements. The stop- 
watch was developed a great many years ago, primarily for the 
purpose of being carried around in a person’s pocket to time 
races. Since this original development and use of the stop- 
watch, there have arisen the necessities of the electrical business 
with their incidental electrical and time measurements. An 
effort has been made to use this stop-watch in connection with 
more or less precise electrical measurements. The stop watch 
has continuously suffered from the comparison of the results 
which it ean supply with the results obtained from good grade 
electrical instruments. If, precise measurements of time are 
required in the laboratory, it is quite obvious that some different 
form of measuring device should be used and this would un- 
doubtedly be a device not primarily designed for portable use 
in a person’s pocket. , 

The accuracy of the results which ean be obtained from the 
stop-watch is probably adequate for timing a horse race or boat 
race, but no one should presume to use a stop-watch for the 
measurement of the time of flight of projectiles or the discharge 
of a condenser or other problems which have arisen since the 
stop-watch was originally designed. I am loath to class the 
rotating test meter with the stop-watch, but the comparison 
is only made to illustrate the difficulties which are being experi- 
enced with the use of the rotating test meter. These difficulties 
arise not with the instrument itself but from the use to which 
it has been applied. 

C. G. Brown: There is one point to which I should like to 
call attention—probably a great many of Mr. Lee’s readings are 
taken when the needle of the instrument is remaining fairly 
stationary. I think that if he were to have a large number of 
readings taken in every case when the needle is moving rapidly, 
(we shall say, up scale), he would find considerable difference in 
the observations from the different men. Some men would 
consistently read lower, ‘While some would consistently read 
higher. It would also be interesting if, in an ordinary series 
of tests, those values that are taken when the needle is swinging 
rapidly up at the time of the observation could be marked, and 
then see how those results check up with the values obtained 
when the needle is swinging rapidly down. 

B. W. St. Clair: Mr. Lee’s suggestion that in making very 
important tests the previous history of the instruments in- 
volved should be investigated before putting undue dependence 
upon test results is a very good one. The demands made upon 
test equipment for constancy under unusual service conditions 
are very severe in the kind of tests referred to in Mr. Lee’s paper. 
It is seldom in ordinary testing work that conditions as severe as 
these will be encountered. When consideration is given to the 
many factors that enter into instrument constancy it is really 
surprising that test equipment performs as well as it does under 
the adverse conditions often met with in turbine-room tests. 

M. W. Leonard and E. J. Mommo (by letter): If any 
water-rate test is conducted throughout with the same care and 
attention to detail which Mr. Lee advocates for the electrical part 
of the work there should be no difficulty in obtaining a final 
accuracy of + 0.25 per cent. 

As the steam measurements are generally the greatest source 
of error, including not only these of initial pressure and super- 
heat, but particularly that of weighed condensate, we should 
like to ask Mr. Lee if he considers the three-wattmeter method 
as most suitable for water-rate tests in general? Even where 
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telltales are installed between double valves, and water 
lines are protected by blanks, there are still possibilities of 
error in calibrating weighing seales, measurement of gland 
leakage, condenser leakage, condensate from steam-jet pumps, 
ete. 


The three-wattmeter method of measuring electrical energy 
is undoubtedly simpler than the two-wattmeter method so far 
as the application of the meter corrections is concerned. From 
a practical standpoint, however, we wish to point out that there 
are certain disadvantages to be encountered with either of these 
methods where indicating instruments are used. Under Mr. 
Lee’s method three observers, one relief observer, and a com- 
puter are necessary. This means not only a multiplicity of 
instruments and high-test costs, but delay in computing and 
checking the inereased amount of data. The eye strain on 
the observers, while not serious on a test of short duration, might 
well be a factor to be reckoned with on tests made every day for 
@ week or so. 


The polyphase-integrating-wattmeter method offers none of 
the above difficulties. Most of these instruments have a very 
constant calibration and involve very little difficulty in checking 
to within + 0.1 per cent with a rotating master standard with 
100 per cent power factor on each element. When equipped with 
a high-speed dial register ample precision can be obtained on 
tests of two-hour duration, readings of the dial being made at 
half-hour intervals. There is some question as to the advisability 
of running tests with a duration of less than two hours, not so 
much due to the precision of the integrating polyphase wattmeter 
but because of water levels, variations in condenser vacuum, 
and temperature changes in generator windings. 


With the addition of a properly applied set of instrument- 
transformer calibrations it would appear that any further degree 
of refinement involving phase-angle corrections, ete., would be 
unnecessary with a single polyphase wattmeter because of the 
probably-greater errors in the steam measurements. An over-all 
electrical accuracy of -+ 0.25 per cent, including instrument 
transformers, may be reasonably expected even with the two 
elements of the polyphase meter checked at 100 per cent power’ 
factor. If greater accuracy is desired the wattmeter elements 
may be checked separately at 100 per cent and 50 per cent power 
factor, corresponding approximately to the electrical condition 
existing in the meter with generator loads at 85 per cent power 
factor, a value usually obtainable. 


E. T. Brandon (by letter): I think that the refinements of 
measurement used would be justified only where a very large 
number of tests of first importance were to be made. Some of 
the corrections said to be accomplished are usually so very small 
that they are negligible no doubt in comparison with the error of 
observation of the meter reading itself. If the correction is made, 
I suppose it justifies itself by indicating that it has been accounted 
for, even if negligible. 


The three-wattmeter method recommended has advantages, 
but would require temporary connection of potential transformers 
in some eases, and I think the advantage of having all watt- 
meters operating at high power factor is offset by the fact that 
three meters have to be read simultaneously, which is difficult. 
I think the trouble of having one wattmeter reading at low power 
factor, as is the case when the power factor of the load is much 
below 0.80 and the two-wattmeter method is used, could be 
overcome in most cases by an adjustment of power factor to 
unity before the test is started. We have been able to do this in 
our tests at all except light-load conditions for the generator 
under test. 

No mention is made in the paper of the use of the polyphase 
wattmeter. This meter, in its portable form, usually has high 
accuracy and the additional advantage that it gives the total 
power on one meter, thus insuring the recording of a simultaneous 
reading. Adjustment of the load on the generator to approxi- 
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mately unity power factor would be necessary for the highest 
accuracy when the polyphase meter is used. 

With reference to the electrical readings taken on the Gibson 
tests at Queenston, we have, in general, made corrections similar 
to those suggested and presumably used in the tests described in 
the paper. The Gibson test is different from the water-rate test 
in this respect, namely, that the power being delivered to the 
turbine is desired at the instant the gate starts to close. The 
quantity to be measured, therefore, is not the average power over 
a period of time, as in the case of the water-rate test. In correct- 
ing the meter reading obtained, we have taken account of the 
ratio and phase-angle errors of current and potential trans- 
formers, which have been previously calibrated, and the error in 
the meter itself. The wattmeter is always calibrated before and 
after test against our secondary standard, and is transported by 
messenger. 

In noting that use was made of watthour meters, I might say 
that we have tried these, but were unable to get a very close 
check with the indicating wattmeter reading. This was due, no 
doubt, to the fact that the watthour meter would give the average 
kilowatts for the time immediately preceding the dropping of 
load, whereas the wattmeter gives the output at the instant of 
shut-down. ‘The per cent error in the watthour meter is larger 
because the time during which it is reading isrelatively short, not 
more than two minutes as a usual thing. In water-rate tests of 
an hour’s duration, during which the load is held reasonably 
constant, this error would become very small. 

I was interested to note the comparison between visual and 
photographie methods of obtaining the readings on the watt- 
meter. We have had this method in mind for some time, and 
expected that the extra cost of such a method would be justified 
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by the inereased accuracy obtainable. Apparently where the 
average of readings taken over a length of time is desired, com- 
petent visual observation can be depended on to give results as 
accurate as the results obtained with the camera. I still believe, 
however, that where an instantaneous reading is desired, greater 
accuracy would be obtained by photographing the position of the 
wattmeter needle. 


EK. S. Lee: With reference to using a polyphase integrating 
watthour meter as suggested by Messrs. Leonard and Mommo, 
the procedure, as described in the first part of the paper, 
regarding watthour meters should be followed. As regards the 
need for two-hour tests, the evidence submitted in the paper shows 
the sufficiency of tests of one-hour duration. 


With particular reference to measurements of electrical power 
output from water-wheel units as mentioned by Mr. Brandon 
where the water flow is measured with the Gibson apparatus, 
conditions are quite different from turbine-generator testing in 
that the electrical power output is desired at a particular instant 
following a period of constant power output. The results of 
repeated tests will give the deviation. If the latter is too great, 
more refinements will have to be introduced into the measure- 
ment. Photographie observations would probably be of no 
advantage over the visual however, because of the steady con- 
ditions required preceding the observation which would allow the 
instruments to be read visually. 


The use of a polyphase indicating wattmeter requires that the 
instrument be compared under the exact test conditions. The 
suggestion of adjusting the generator power factor to unity is not 
generally applicable as the generator must be tested at its rated 
power factor which is frequently less than unity. 
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T seems fitting at this time to bring to your at- 

| tention, very briefly, some of the outstanding 
results of the work of the membership of our 

Institute during the administrative year just closing. 

I am sure most gratifying to all, is the increasing 
interest and activity in Institute affairs all over the 
country, the greater appreciation of the value of the 
Institute, professionally and practically, and finally 
the enjoyment of personal contact of scientists and 
engineers for the mutualization of thought toward the 
advancement of our art. These facts are clearly 
brought out in the statement of the number of meetings 
and attendance given in the Annual Report of your 
Board of Directors for the fiscal year ending April 30,1925. 

The work of our Standards Committee, which 
covers not only a revision of and additions to our 
Standards, but a rearrangement of their set-up, which 
will make for their much greater convenience for field 
use, is worthy of the greatest praise, as it required much 
untiring and unselfish effort on the part of a very large 
group of men determined to accomplish what has been 
done this year. 

Our Meetings and Papers Committee has so co- 
ordinated its work with that of the Districts that 
regional conventions are now established on such a 
sound footing as to have made it desirable to abolish 
the National Spring Convention as such, which recom- 
mendation of the committee was concurred in by the 
Board of Directors at its meeting on May 15, 1925. 


The revising of the constitution to bring it into line 
with the present scope of the Institute’s activities, 
and the fast growing nationally spread membership 
has been accomplished, as was also reported at the 
Annual Meeting on May 15th in New York when the 
large affirmative vote by letter ballot was recorded. 


The many Technical Committees have been even 
more. active than usual, and through the JOURNAL 
from time to time you have seen how well they have 
prepared the sessions of the conventions falling under 
their several responsibilities. Their following the 
electrical engineers into new fields of industry is 
particularly to be commended as it is bringing into 
our Institute many new groups, as members and 
authors, not previously interested in our possibilities. 
The detail of the constructive work of the committees 
will be recorded in the history of this convention, for 
it is now our practise to have their reports presented 
at this, the last and presumably the most widely repre- 
sentative convention of the administrative year, in 
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order that their conclusions may be more far reaching 
in their orientation, and that through the discussion, 
views of members from the greatest number of sections 
of the Institute may be expressed. 

The report of our auditors indicates a healthy 
financial condition, and that we have paid our way this 
year. The slight increase in income as provided by 
certain changes in our revised constitution, will be 
most welcome for the carrying forward in a broader 
way important activities as seen to be needed by the 
Board of Directors. 

The excellent result from our Membership Committee 
is shown in the fact that on June 1, 1925 our list of | 
members totalled 17,318—representing a very satis- 
factory continuous growth since the formation of the 
Institute. 

THE REASON 


Now, the relation of these events concerning our 
activities and growth, which are not unlike those of 
our sister societies, should bring to our minds the 
thought that there must be a sound reason for it all. 

There is a sound reason, and it is in the indisputable 
fact that the engineers have made the world what it 
is today; have brought to it industrial progress and 
economy; have given it the living comforts and, more 
than all, have shaped the very scheme of living of its 
inhabitants since civilization began. 


HISTORY 

The living in trees to escape the hazards of ground 
life, to the steel strengthened structure of many stories; 

The dispatching of runners with messages, consuming 
days of time and covering moderate distances, to the in- 
stantaneous international transmission of intelligence 
and music by physical conductors and through the air; 

The shaping of the business end of the club of the 
savage that the greatest destruction might be wrought 
on the head of an undesirable neighbor, to the sending 
through the air, accurately and speedily, tons of metal 
to a predetermined point; 

The thought of the wheel bringing relief to trans- 
portation by hand or with manual carriers, with its 
evolution through all mechanical applications to the 
precision and delicacy of present-day timepieces; 

The employment of steam as a mechanical agent to 
the point of mass energy for manufacture and trans- 
portation; 

The development of highways, construction of 
bridges, furnishing of water supply, that humanity 
may dwell where it pleases; 

The harnessing of electrical energy for nearly every 
purpose of industrial and domestic life; 

The use of natural resources from the obtaining of 
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raw materials from the earth to the practical application 
of water streams and storage, which for centuries have 
been idle in their help to man; 

The understanding of many of the mysteries of 
chemistry with their application to industry, health 
and comfort;. ...all seem long steps in our notion of 
periods of advance, but all find their foundation in 
science and engineering. No one can say that but for 
these, and the very many related achievements, would 
the progress of civilization, the groupings of the peoples 
of this world, their interests, their methods and com- 
forts of living, be such as we now behold. 

Although centuries have passed while our present 
scheme of life has been perfected, it is only very recently 
that the rapid strides of applied science and engineering 
have beenaccomplished. Tonotethefact that as lateas 
1852 was founded America’s first national engineering 
association, that of the Civil Engineers, is sufficient to 
indicate the rapidity of development of the engineering 
arts. The founding of the American Society of Civil 
Engineers in 1852 was followed by that of the American 
Institute of Mining Engineers in 1873. Then came the 
American Society of Mechanical Engineers in 1880, 
and finally our own American Institute of Electrical 
Engineers in 1884. 

The very many and rapidly increasing special fields 
of engineering endeavor seem to have been the reasons 
for the birth of these now so-called “Four Founder 
Societies.”” As each new field opened up, and its 
immediate development was hastened by necessity, there 
was not the realization of its possible and essential 
coordination with the work of those in distinct lines 
already established. Now, however, that there is a 
breathing time sufficient to review the situation as a 
whole, coordination is being established, as can be 
recognized in the forming of the American Engineering 
Standards Committee, the American Engineering 
Council, the Society for Promotion of Engineering 
Education, wherein the needs of all engineering may be 
comprehensively discussed. 

The electrical engineers whose art has such universal 
application in all branches of engineering for nearly 
every industry and every domestic service, have had 
much to do in the bringing to one center all the arts 
of engineering. If for technical reasons this move 
toward general coordination has been started, it is all 
the more important for the presentation of a unified 
national opinion of America’s engineers in matters 
pertaining to our own welfare, and that of the nation 
where the knowledge and training of technical men 
may be useful. 

That engineers have brought all this about, by no 
means signifies that their responsibilities have ceased 
or even lessened, for in fact they have become all the 
greater; as through scientific knowledge and engineering 
experience, must not only the material side of life but 
its relation to human existence, go forward. 

Engineers by training are taught to think straight, 
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to seek the plain truth without bias, to deal with facts 
only, and to marshall them toward the goal of practical 
and beneficial accomplishment. Who, better than 
they, can turn the knowledge and experience which has 
brought us to our present state, to its application in the 
less technical activities of life with which it has such 
a close relationship. 

The advancement of science and engineering for its 
own sake is not enough, in its control of the forces 
and materials of nature, for the organizing and directing 
of men, and all that this means in its broadest sense, 
becomes the obligation of engineers in order that the 
human race may be fully benefited. 

No finer example of full accomplishment of this 
ideal could be cited than the life of the renowned 
French chemist, Louis Pasteur, an almost fanatical 
devotee to his science, yet never without the parallel 
thought of the benefit of his results to all living people. 

Here in America today we have our distinguished 
Secretary of Commerce, the Honorable Herbert Hoover, 
an engineer of proven accomplishment, a worker for 
humanity, beloved by those European nations so much 
helped by him during the World War; now devoting 
his power of discernment of fact to practical application 
for the industry and.comfort of the people of our whole 
Nation. 

Engineers up to now have been all too prone to be- 
come so engrossed in their own technique as to give 
little or no heed to the development of life about them, 
or to have any thought that they are a part of that life 
and should give to it of their ability and experience 
and judgment, as other men do, who too have vital 
interests at stake from which some time must be taken 
for the good of all. 

President George Fillmore Swain in his address to 
the Civil Engineers as far back as 1913, advocated a 
more human engineering, -while our past President, 
Arthur W. Beresford in his address to us in 1921, 
warned against the belief by engineers that they can 


run successfully all the jobs in the world; but surely 


between these two ideas is a middle road to follow 
where engineers can and should help in matters con- 
cerning which they possess useful knowledge. Presi- 
dent John Lyle Harrington in his address to the 
Mechanical Engineers in 1923, speaks very definitely 
on the subject, and I commend for your careful reading 
and reflection these three addresses mentioned, which 
so clearly point the way we should go, that from engi- 
neers the world may get the fullest measure it so 
rightfully demands, and the position of the engineer 
may be recognized as it so surely deserves. 

Of course, just being an engineer does not qualify a 
man as an executive, nor as a legislator, for such work 
requires broad human vision, balanced perspective, 
ability to sense relationships and effects, all of which 
faculties would seem to have been more generously 
bestowed upon lawyers and business men generally than 
upon men of technical training. Is this, however, the 
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fact? Have not the technical men these faculties, but 
have neglected to develop them by special education 
and experience so as to bring them sufficiently to a 
prominent place in their mental activities and desires? 

Faculty for other than technical work must be 
present in the engineer if he is to be a worker in the 
broad fields of life, but having such aptitude, his very 
technical training should make him a more useful, more 
forceful worker than those non-technically trained. 

If you reflect but for a moment, you will realize that 
many, in fact most of the problems of our people are 
basically engineering problems, if not strictly so 
technically as many really are, at least so generally, 
as they have to be solved by analysis, and the weighing 
in the balance what is found to be the logical and practi- 
cal result if one plan is followed, with similar results of 
some other scheme under consideration. This method 
of analysis is peculiarly that of engineers who by 
training are well fitted to lend a hand. 

In few places where the engineers could be helpful, do 
we see their names listed. To be sure here and there 
we find them, and how well these few perform their 
duty is a matter of record. The names of these men 
are mentioned with pride, but it is the exception rather 
than the general rule to find our members in such 
activities. In our principal body of national representa- 
tion, our National Congress, how many names of 
engineers do we find? This body is composed largely 
of lawyers, over 65 per cent, and politicians whose 
business at home is: not engineering. These are the 
men who pass on the problems of the country so many 
of which, as we have endeavored to show, are such as 
could be more logically determined by our technical men. 

Truly, by now we have come to the time when our 
experience must be turned to broader fields of investi- 
gation than those confined to our technique; and how 
is this to be brought about? 

A new state of mind in the engineer must be born. 
Those most advanced in our art must appreciate their 
debt of service to the needs of the people not having our 
training in the determination of facts; our educators 
must be brought to appreciate that the training of 
young men in the technique of their work, is but a 
part of the training for a suitable graduating degree. 
Our college students must be made to realize that their 
particular training incurs an obligation of its service 
for the benefit of all our people, wherever it is possible 
to bring it to bear. 

In so many of our commissions and political bodies 
we find the make-up largely lawyers, with a few other 
non-technical men, whose work deals primarily with 
projects based on engineering, and as a consequence 
many engineering experts are called to bring in the 
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scientific and technical facts that proper decisions may 
be reached. 

Why, now that the legal and financial bases of most 
of the investigations by our public bodies have been so 
well established, should’ not the personnel consist 
largely of qualified engineers, and when legal or financial 
advice is needed, call in the experts from those fields? 
Would not this seem more logical? Has the training 
of our scientists and engineers been such as to make 
them unfit for this duty? If so, it is high time that 
intensive study should be undertaken to correct such 
a condition. 

It would seem reasonable for a well balanced com- 
mittee of the four founder engineering societies to be 


. formed, selected from many branches of industry and 


the world work to cooperate with the Society for the 
Promotion of Engineering. Education, in order to 
determine most broadly on a proper curriculum for 
our students, to bring to them a correct blending of 
technical work and training in human engineering; that 
our profession may perform its fair share of carrying 
on the welfare of our people. 

Even if much which is now taught is abolished from 
our present curricula, and the fundamentals of the 
technique of our art made more thoroughly understood, 
with training in expression of their application, both 
orally and in forensic, so as to be clearly understood by 
non-technical men of the business world, a much 
broader viewpoint of the engineer, and a much wider 
appreciation of what he can do in the world’s affairs 
will result. 

No longer should we be looked upon as “glorified 
mechanics,” when in our combined mentality and 
our essential training in the discernment and arrange- 
ment of facts, exists such a potentiality for helpfulness 
to all mankind. If we so continue we can have only 
ourselves to blame, and now that we have come so far, 
what a shame to rest ina feeling of complacent 
satisfaction. 

Of course every engineer in the country cannot be 
placed- in public office, either municipal, state or 
federal, but all engineers can lend aid in supporting 
those chosen for the more conspicuous places. Each 
has his own field of usefulness, by training or by choice, 
and his feeling of reward should be his satisfaction of 
service rendered. 

The Master Mind of all creation holds the key of 
all knowledge; to the scientists is entrusted the unfold- 
ing of the fundamental laws of nature, to the engineers 
their practical application for the benefit of the human 
race in every possible way; the road is open, our duty 
is clearly defined’, that our obligations will be fulfilled 
there is no doubt. 


Present State of Transmission and Distribution 
Developments 


By Committee on Power Transmission and Distribution' 


HIS Committee submits the following report on the 
progress made during the past year in the field of 
Power Transmission and. Distribution. In ac- 

cordance with the plan proposed, a number of subjects 
are offered at the end of the report suitable for topical 
discussion at the Annual Convention. 

In high-tension transmission, the year has been 
notable for the first normal operation of the two long- 
distance 220-kv. lines in California and the concrete 
proof of the entire feasibility of lines of this sort. The 
importance of this fact is difficult to exaggerate. Al- 
ready several other 220-kv. lines are projected; one 
now going under construction. The physical con- 
struction of these lines will soon be pretty well stand- 
ardized and no longer a matter of serious controversy. 

While the evidence as to the feasibility of 220-kv. lines 

is clear and convincing, there remains much uncertainty 
as to the limitations of the capacity of such lines when 
of great length. Much quiet work has been done, since 
the forceful presentation at the Philadelphia A. I. E. E. 
meeting last year of the dependence of very long lines 
on the rigid maintenance of line voltage and the weak- 
ness of commercial synchronous condensers for this 
purpose. The prospect is bright for better operation 
than would have been expected. At present, the work 
is largely in the hands of the designers of the various 
sorts of apparatus involved in line-voltage support and 
regulation. 
_ It may be well to mention that the explanation of the 
many mysterious insulator flashovers on high-voltage 
lines in central California, which have baffled investi- 
gations for some time, has been established as the 
presence of large birds roosting on the towers and 
guard rings. This difficulty has now been, or soon 
will be, practically eliminated. 

An old problem has come into unusual prominence in 
certain places, viz., the more or less severe vibration of 


highly stressed conductors, due to wind action causing 
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the formation of standing waves and endangering the 
cable strands. This subject is being worked upon. 

Little progress has been made in the discussion of the 
various aspects of the subject of flux control in very 
high-tension insulator strings. The well-known guard 
ring seems to be holding its position. 

Much field work has been done on corona losses. It 
is to be expected in the measurement of these losses on 
long lines, subject to varying voltage and climatic 
conditions along their length, and sometimes of varying 
conductor size and.configuration, the results are some- 
what conflicting among themselves and to some extent 
at variance with the accepted formulas. While there 
is a difference of opinion on the subject, no clear proof 
as yet exists that there is any material error in the es- 
tablished formulas when applied to ideal simple condi- 
tions. However, it is clear that the actual determina- 
tion of this loss for the practical case of long 220-kv. 
lines is a very complex and difficult matter, since the 
conditions vary so much both along the line and from 
day to day. 

With the increased study of important tie lines which 
may carry power in evther direction and with the pro- 
posals for the transmission with the aid of synchronous 
condensers of amounts of power on high-voltage lines 
near their maximum capacity, the importance and the 
complexity of the designers’ task is just now being 
realized and the all-important réole of power factor 
recognized. 

In the field of lead-covered cables, we -have to record 
a most active year of great progress. With the marked 
advance in 66-kv. cable joints ; the successful opera- 
tion of a number of high-tension cables in 66-kv. circuits 
in actual commercial service; and with the growing 


-belief that cable for 132-kv. circuits will be feasible 


and may soon be available, the whole aspect of the 
transfer of large amounts of power underground in 
congested districts is changed. The possibility of the 
use of these voltages leaves very little to be desired as 
far as capacity goes. However, the costs are extremely 
high and the technical details are not yet developed 
to any final stage. 

There has been no marked development, but it is 
believed that a steady advance is being made in the 
quality of high-tension cables and, therefore, in the 
voltage at which cable can be used. In addition to 


_the use of single-conductor cable the principal elements 


- 
‘ 


contributing to this advance are greater care in the 
selection of materials, in the fabrication of the cable 
particularly the more thorough elimination of air and 
impregnation with the insulating compound. In the 
higher-voltage cables there is a distinct tendency toward 
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a fluid impregnating compound. For very high-voltage 
cables it is proposed that this compound by means of 
reservoirs along the cable, be kept under a hydrostatic 
head, the conductor cable being hollow or of open 
structure to permit flow of compound. Much work 
has been done on all phases of this subject during 
the last year and many notable papers have been 
presented before the Institute. 

Development in high-tension insulators, lightning 
arresters, protective relays and oil breakers proceeds 
steadily but no especially conspicuous advancesare noted. 

In spite of the number of years in which electric- 
power systems have been in general use and the vast 
numbers of distribution networks, there still exists a 
lively discussion as to the best type of low-voltage 
local distribution system—whether two-phase with neu- 
tral wire or three-phase with onemodification or another. 

This brief review should not close without mentioning 
the closer and closer operating cooperation between the 
well-known groups of large utilities, such as those in 
the southeastern States, where many necessary details 
are being worked out. Much more intimate mutual 
support is being realized, also the rapid interconnection 
of utilities by high-voltage lines and the establishment 
of large base-load plants in the great industrial district 
east of the Mississippi and west of the Alleghanies. 
This sort of interconnection is developing interesting and 
difficult problems in the metering of commercial power. 

In accordance with the plan for making the Annual 
Convention a forum for the informal discussion of 
topics of current interest without the labor of the 
preparation of formal papers and without the con- 
sumption of the time necessary to present them, the 
following topics are presented for discussion. 

A. What capacity in lead-covered cable can a 
present-day designer count upon in laying out con- 
nections for the transfer of power from a large base- 
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‘load generating plant in or near a large city to the 


principal distributing substations? On what voltage, 
what size of conductor, what operating temperature, 
etc., would this be based? 

’ B: How much load can be handled over a 100-kv. 
tie-line connecting two large independent systems and 
carrying equal amounts of power in both directions 
with dependence placed on tap-changing devices for 
the maintenance of stabilized voltage in both systems? 
Can such tap-changing devices be relied upon where 
the interchange between the systems is to be automatic 
in accordance with the variations of load and with the 
conditions of most economic operation in the two 
systems combined? 

C. What is the exciting cause for mechanical sane 
ing waves in a high-tension, long-span line conductor? 
Is tight stringing necessarily a cause of vibration? 
What is the relation to conductor size, weight and elas- 
ticity? What sort of remedy is theoretically effective? 

D. Where a large block of power is to be distributed 
over a considerable area, is it feasible or desirable to 
use single-circuit interconnected feeders carried by 
different routes to accomplish distribution and trans- 
mission simultaneously. In such a case, what are the 
limitations on tapping the single circuit feeders for 
local loads, the questions involved being relay pro- 
tection, cost of installation, reliability of service, ete. 

E. What can be done to reduce installation cost of 
high-voltage transmission lines? Can _ transmission 
towers be further standardized? Can more mechanical 
devices be used in hole digging and erection? Is the 
use of extra high-strength conductors and very tight 
stringing desirable? 

_F. What can be done to reduce to reasonable pro- 
portions the cost added to a transmission line con- 
struction by the necessity of considering the effect of 
heavy sleet? 


Live Problems in Connection With Protection of 
Electrical Systems 


By Committee on Protective Devices! 


N accordance with a practise established over a 
number of years, the work of the Committee on Pro- 
tective Devices has been delegated to a number of 

subcommittees, the division being made with reference 
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to the nature of the subject covered. Complete reports 
from each of these subcommittees are appended. 

It will be observed that one new subcommittee is 
reporting in addition to those reporting last year. Bya 
ruling of the Board of Directors, the subject of auto- 
matic substations was assigned to the Committee on 
Protective Devices. The work of this subcommittee 
has been done in cooperation with other committees, 
covering the apparatus used in automatic substations, 
and while the report deals particularly with protective 
devices, it will be found to cover rather completely the 
situation in automatic substations as found today. 

It is felt that the scope of work assigned to the Com- 
mittee on Protective Devices is very well covered by the 
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activities of the following subcommittees and the 
Chairman would not suggest any radical change in the 
organization as it now exists. It is heartily recom- 
mended, however, that the work begun by these various 
subcommittees be continued during the coming year and 
that the recommendations made in each case be 
followed. : 


Automatic Stations 


FUNDAMENTAL DIFFERENCE REQUIRED IN DESIGN OF 
DEVICES FOR AUTOMATIC APPLICATION FROM THOSE FOR 
MANUAL APPLICATION 


One of the things which differentiate devices used 
in automatic stations from those used in manually- 
operated stations is the question of inspection. The 
designers of devices for manual stations tacitly assume 
that all of the devices will either be continuously under 
the eye of an attendant or will be inspected several 
times each day. This tacit assumption is borne out by 
the fact that the usual manual station is provided with 
instruments and switches. A human intelligence is 
required to read the instruments and thus operate the 
switches in accordance with the story told by the in- 
struments. As a result, the designers of devices for 
manual stations have paid more attention to the per- 
formance of the devices in response to a specific circuit 
condition than to their continued successful per- 
formance with inspections at intervals exceeding a week. 

Another item differentiating the design of devices for 
automatic stations from those in manual stations is the 
relative life to be expected from the two. Devices for 
‘automatic stations require in some instances a successful 
life of several million operations. The only devices in 
manual stations called upon for similar services are 
probably the automatic generator-voltage regulators 
and some of the control apparatus used for steel mill 
service. In each of these latter cases, life has been an 
important feature of the design and as much attention 
has been paid to this as to the operating characteristic 
of the devices. 

It will be seen, therefore, that primarily the attitude 
of the designers of devices used in manual stations 
contemplates an attendant who will supply any de- 
ficiencies in the operation of the devices, while the 
design of devices for automatic stations requires that 
the devices function correctly or else make the station 
inoperative. 


MINIMUM SAFE PROTECTION FOR POWER APPARATUS 
IN AUTOMATIC SUBSTATIONS 


From the standpoint of railway applications, the 
amount of protection that is afforded automatic 
substation equipment by the use of various devices, 
relays, etc., is a direct function of the type of installation 
with respect to its application, importance and whether 
full-automatic or partial-automatic. 
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This statement may be amplified by considering a 
typical case. It is the installation of automatic equip- 
ment on large urban properties where the successful and 
continued operation of the substations is of prime im- 
portance. Here it is customary to install all the various 
types of protection that will prevent, as far as possible, 
either an interruption to power service or damage to 
equipment. 

On the other hand, automatic substations installed on 
some small interurban or suburban railways do not 
require the refinements of protection afforded more 
important substations. This is due, in some cases, to 
lack of capital for initial investment. In other cases 
the continuity of service is not the controlling factor and 
the protective features may be kept to a minimum. 
These substations quite frequently take the form of the 
so-called partial-automatic type where an attendant ora 
time clock is used to start and stop the station. Upon 
the occurrence of trouble these substations are generally 
arranged to cease operation and remain out of service 
until restarted by an attendant. 

For standard size 600-volt converters, feeding into a 
metropolitan railway-distribution network, the follow- 
ing minimum protection is recommended: 

A-e. overload (lock-out); d-c. overload; sustained 
overload; a-c. undervoltage; d-c. reverse current 
overheating of current limiting resistors; failure of field 
circuit; overspeed (lock-out); overheating of bearings 
(lock-out); failure to complete starting cycle (lock-out); 
flashover (lock-out). 

D-c. Edison-system automatics are called upon for a 
high class of service and the protective features must be 
so chosen and applied that the service must be main- 
tained. Thereisa tendency at present to so protect the 
station that the machines are tripped off at times when 
the condition of stress may be far below the limit of the 
machine. This has had. a tendency to prejudice 
prospective purchasers of automatic apparatus by ap- 
parently complicating the switching equipment. 

It has been the practise in some heavy manual sys- 
tems to tie the converters or motor generators solidly to 
the bus without protection on the d-c. end. Within 
reasonable limits it is felt that this could be approached 
in the design of automatics on the same class of system. 

For 250-volt motor-generator sets and converters 
the following minimum protection is recommended: 

A-c. overload (lock-out); d-c. overload; sustained 
overload; overheating of machine; overheating of 
transformer; overheating of current limiting resistors; 
a-c. undervoltage; d-c reverse current; overspeed 
(lock-out); failure to complete starting cycle (lock-out); 
overheating of bearings (lock-out); flashover (lock- 
out). 

Various devices for the protection of the service may 
be applied; in fact it is felt that this feature cannot be 
overdone. Several equipments have temperature pro- 
tection which reduces the load on the machine upon the 
temperature rising within a few degrees of the point at 
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which the set would be taken off of the system. Inthis 
way the system voltage is held somewhat above the 
value which would obtain if the over-temperature device 
disconnected the machine from the system. In most 
eases the machine will cool while operating at partial 
load. As practically all machines are arranged to limit 
their output by means of regulating devices, the over- 
heating is usually caused by inadequate ventilation 
or a failure of ventilating apparatus. If the ventilation 
is only partly retarded by the failure, the machine would 
probably operate indefinitely at partial load; the 
voltage, of course, being somewhat low but at least 
some power being delivered to the system. The 
liberal use of thermostats, operating alarms over 
supervisory circuits in the Dispatcher’s Office, will 
protect the service to a large extent. An attendant 
may be dispatched to the station upon indication of even 
slight over-temperature and may be able to alleviate the 
trouble in time. 


DISTRIBUTION AND ‘TRANSFORMER 
STATIONS 


AUTOMATIC A-C. 


The protection to the service should consist of re- 
closing features applied to the outgoing circuits. Power 
supply to the station should be assured by proper over- 
load, balanced, or reverse-current protection of the 
parallel transmission lines supplying the station, or by 
automatic transfer devices if not desirable to have 
transmission circuits paralleled. Differential protec- 
tion should be provided for each transformer so that a 
defective unit will clear from the system without in- 
terruption to service. The matter of apparatus protec- 
tion may be reduced to that of transforming and 
regulating devices; their protection should be against 
overheating and groundings. All outgoing circuits 
should, of course, be provided with overload protection 
and in cases of automatically reclosed circuits, lock-out 
features should be provided. 


OIL CIRCUIT BREAKER OPERATING DUTY AS APPLIED 
TO AUTOMATIC RECLOSING CIRCUITS 


It is suggested that an attempt be made to get the 
manufacturers of switchgear to furnish ratings with oil 
breakers supplied for this class of service that will enable 
the operating engineer to apply intelligently these 
breakers to his circuits which are to be reclosed after 
tripping on trouble. Referring to distribution circuits 
in the 2200- to 6600-volt class, it seems to be general 
practise to reclose these circuits three times before final 
lock-out. There seems to be a little difference of 
opinion here and there as to just how much time should 
elapse between reclosures, but as a general average we 
might say that the first reclosure is made in from two to 
five seconds after tripping; the second reclosure in 
about 30 seconds from zero, (initial tripping) and the 
third in anywhere from 60 to 180 seconds from zero. 
It is felt that if the manufacturers were to establish a 
tentative standard somewhere near the above values 
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and rate the breakers on this basis, that the operating 
companies would either accept the standard or their 
own idea of the values would be close enough to the 
standard to make an intelligent application. Even 
if this tentative standard were based on three or four 
reclosures at five-second intervals it would be a 
decided advantage over what is now available. 


NOMENCLATURE FOR TYPES OF AUTOMATIC RECLOSING 
D-C. FEEDERS 


The following is suggested: 
A. Types of Feeders 

1. Stub Feeder. A Stub Feeder is one which, at the 
time of reclosing, receives energy for the testing circuit 
from one source only. 

2. Multiple Feeder. A Multiple Feeder is one 
which, at the time of reclosing, receives energy for the 
testing circuit from two or more sources. 

8. Stub-Multiple Feeder. A Stub-Multiple Feeder 
is one which, at the time of reclosing, may receive 
energy for the testing circuit either from one, two or 
more sources. 

B. Methods of Automatic Test Prior to Reclosing 

1. Continuous Testing by Current. Continuous 
testing by current is a method which continuously 
furnishes to the feeder a limited current which operates | 
a device or devices adjusted to function at or below some 
predetermined value of current flow into the feeder to 
effect reclosure of the circuit interrupter. 

2. Intermitient Testing by Current. Intermittent 
testing by current is a method which intermittently 
furnishes to the feeder a limited current, operating a 
device or devices adjusted to function at or below some 
predetermined value of current flow into the feeder to 
effect reclosure of the circuit interrupter. 

3. Testing by Voltage. Testing by voltage is a 
method which employs a voltage-actuated device 
connected between the source of energy and the feeder 
or between two sources of energy to effect reclosure of 
the circuit interrupter at a predetermined voltage 
condition. 


REMOTE SUPERVISION 


The handling of various switching and receiving 
indications of operations from remote points has 
received much attention. The larger operating com- 
panies are discovering that, even with manual switch- 
ing, something of this nature is necessary to expedite 
operations in times of trouble. As soon as a system 
grows to a size where it becomes necessary to establish 
a central dispatcher to direct switching, it is at once 
manifest that when trouble occurs, the switching 
necessary to bring the system to normal can be carried 
out only as fast as the dispatcher can obtain informa- 
tion. The use of the telephone for this involves the 
chance of human error and retards action as an operator 
cannot manipulate his switchgear while telephoning. 
The use of supervisory systems to provide the dis- 
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patcher immediately with an indication of changed 
condition shunts out many minutes of valuable time. 
In automatic stations, indications may be given of 
lamost anything required and it becomes only a matter 
of how far it is desirable to go in a given case. In 
Edison system automatics, remote supervision is 
particularly helpful as there are many conditions which 
can occur without warning and if allowed to continue 
may result in partial service interruption. For the 
dispatcher to feel that he has his system well in hand 
he should have at least the following indications from 
each of his Edison system automatics. 

1. Continuous indication of d-c. amperes on each 
unit in the substation. 

2. Positions of all oil circuit breakers. 

3. Alarm upon failure of ventilating system. 

4, Alarm when predetermined high temperature 
value is reached at the air discharge from any unit. 

5. Alarm upon the operation of the lock-out 
relay on any unit as he may not otherwise know that 
the machine will not restart upon demand. 

He should also have sufficient supervisory apparatus 
to enable him to shut down and “hold off’ any or all 
units so that he may, if desired, restrict the output from 
a given station. In addition to the above it may be 
desirable, although not necessary, to have supervision 
over the closing and opening of the oil breakers on the 
supply feeders and junctions in the supply bus, etc. 

Supervision of a-c. distribution automatics is, of 
course, less elaborate due to the simple nature of the 
equipment in such stations. There are comparatively 
few indications that the dispatcher really has any use 
for and the balance is rather a matter of convenience. 

It is sometimes desirable for the dispatcher to know 
when the lock-out relay on any of the automatically 
reclosed circuits has operated, although it is not neces- 
sary for him to be able to release the lock-out as it is 
generally necessary to make repairs before the circuit 
is again closed. It is observed in some communities 
that sufficient trouble calls from customers pile up in 
‘two or three minutes to indicate definitely that the 
whole circuit is dead and therefore, before the dispatcher 
can inform the proper persons in the Trouble Depart- 
ment of his supervisory indication, they have already 
made their deductions. 

It is sometimes desirable to give the dispatcher 
control over the breakers in the incoming supply lines 
but it is better engineering to arrange them to take care 
of themselves. 

In special cases where water-cooled or air-blast 
equipment is used, it is almost necessary to give the 
dispatcher a warning of the failure of the auxiliary 
apparatus involved but in average cases such detail is 

‘not met with. A-c. distribution stations are usually 

in outlying sections. and at a considerable distance 

from the center of operations. In this connection the 

matter of rental of telephone pair mileage becomes quite 
n item of cost. 
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In general, a supervisory system is a very desirable 
asset to a system but it should never be forgotten that 
the reliability of the whole scheme can be made no 
better than the wires used in the circuit—experience 
has indicated that it is impossible to maintain 100 
per cent service on such small circuits. The station 
should be arranged, if possible, to take care of all 
conditions automatically without the aid of the remote 
supervision. 


LOAD-LIMITING SCHEMES IN EVENT OF OVERLOAD 
BaLey 


Load Limiting by Series Resistance (Fig. 1). Load 
limiting by successive steps of series resistance in the 
main circuit is probably the oldest type of load limiting 
scheme used in automatic stations. It is applicable to 
synchronous converters and all types of generators. 
For this scheme the d-c. machine is connected directly 
to the negative. The positive is connected to the bus 


A-C,or D-C, Control Bus { To Load A-C.or D-C. Control Bus | To Load 


ee wDHOy 
Generator 
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Machine 
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A-C.or D-C. Control Bus A-C.or D-C, Control Bus 


Fig. 2—Loap Limiting BY 
ACCUMULATIVE SERIES, FIELD- 
SHUNTING RESISTANCE 


Fig. 1—Loap LimitIne. BY 
Sreprs oF SERIES RESISTANCE 
IN THE Main Circuit 


through a group of series resistors and a line contactor 
or circuit breaker. The usual design uses three steps 
of load limiting resistance with one shunting contactor 
or breaker for each step. The d-c. machine is con- 
nected to the bus with the shunting contactors open. 
Then the shunting contactors are closed successively; 
thus gradually making the bus and the machine pres- 
sures equal. 

In case of overload, one or more steps of resistance 
are inserted into the line. If all the steps of resistance 
are inserted by means of the magnitude of the overload 
and if this overload persists for long enough time to 
overheat the resistors, then a thermal relay opens the 
line contactor and the machine is disconnected from 
the load until the load-limiting resistors cool. After 
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they have cooled, the machine is again connected to the 
bus through the resistors which are gradually shunted 
out, if the load permits. 

Suitable interlocking is provided between the con- 
tactors to insure the correct sequence for closing and for 
opening. 

Load Limiting by Accumulative Series Field Shunting 
Resistance (Fig. 2). Load limiting by accumulative 
series, field shunting resistanceis used almost exclusively 
in connection with compound wound d-c. generators. 
The scheme is applicable with additional load-limiting 
resistors such as described above. It is permissable 
to eliminate such series resistors, however, if the 
characteristics of the load and the machine are within 
certain limits. 

During normal operation the series field-shunting 
resistor has only a slight effect in reducing the amount 
of compounding. On overload a contactor is opened 
and this causes: 
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Fig. 


1. The generator to become a shunt machine. 

2. The shunting resistance to be inserted in series 
with the machine. 

8. The shunt field to be reduced due to voltage 
drop through the series field-shunting resistance. 

On reduction in load to a predetermined value, a relay 
recloses the overload contactor as in scheme No. 1. 
Also, as in the previous scheme, interlocks are provided 
between the contactors to insure the correct sequence 
of opening and closing. 

Load Inmiting by Counter E. M. F. Generator (Fig. 
8). Load limiting by counter e.m.f. generator is 
particularly applicable to shunt-wound generators. 
This scheme employs a small motor-generator set with 
the armature of the generator in series with the shunt 
field of the main generator. The small generator has 
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two shunt-field windings. One is a comparatively 
weak boosting winding. The other is a stronger buck-. 
ing winding. The boosting winding is used to supply 
a constant and practically separate excitation. The 
bucking winding is used to reduce the shunt field 
current of the main generator when it is inserted in 
the circuit by the opening of the contacts of a relay 
on overload. 

The load is held at the setting of this relay by the 
regulating action of its contacts as long as the external 
circuit conditions require. 

An excessive overload on the machine is prevented by 
control of the machine voltage up to a certain definite 
load beyond which the constant current relay in 
combination with the counter e. m. f. regulator makes 
the machine practically constant current. 

Load Limiting by Differential Series Field (Fig. 4). 
Load limiting by differential series field is applicable 
to d-c. generators provided with a series field 
connected differentially. During normal operation, a 
contactor short circuits the differential series field. 
On overload, reverse current or short circuit, this con- 
tactor is opened by a suitable relay combination and 
thus inserts the differential series field into the circuit. 

This method of load limiting is usually employed in 
conjunction with voltage and load regulating schemes, 
including a motor-operated shunt-field rheostat. Sta- 
bility of operation on the differential series field charac- 
teristic is obtained through a constant amount of 
excitation from the d-c. control bus. 


D-C. Exciter 


D-C. 
Generator 


Commutating 
Field 


Current Regulator = 


Fic. 5—Loap Limiting By CurRRENT REGULATOR CONTROLLING 
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Load Limiting by Motor-Operated Field Rheostat 
(Fig. 5). Load limiting by motor-operated field 
rheostat is probably the simplest of all of the schemes , 
employed. It is applicable particularly to d-c. genera- 
tors and is suitable in general only for machines with ~ 
separate field excitation, to insure stability at all — 
voltages. 

Essentially the scheme consists of a contact-making 
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ammeter or current regulator with a certain floating 
range. This device controls a motor-operated shunt- 
field rheostat which is operated to maintain definite 
voltage up to a certain load and then to reduce the 
voltage in order to back off from the load in case the 
load exceeds a certain given value. 

Load Inmiting by Step-Induction Regulator (Fig. 6). 
This scheme is applied to the transformer of a syn- 
chronous converter and affects the performance of the 
converter in the same manner as the well-known scheme 
of introducing an induction regulator between the’a-c. 
supply and the rings of the converter, either ahead or 
behind the transformer. The old scheme, for various 
reasons, was limited to about 20 per cent range in 
voltage at the d-c. terminals of the converter, while 
this scheme is limited only by the ability of the con- 
verter to perform in a stable manner at low voltages. 
This limit is somewhere under 50 per cent of the rated 
voltage of the converter. The scheme consists essen- 
tially of an extended winding on the primary of the 
transformer with taps brought out at intervals. By 
means of a series of tap-changing. switches coupled 
mechanically to an induction regulator, the steps of the 
winding are brought in or out of circuit. The various 
transitions are made at zero current in the tap-changing 
switch, the induction regulator acting as a booster to 
equalize the two points which are to be momentarily 
tied together during transition. The d-c. regulating 
range of the converter resembles a smooth curve. 
This scheme permits the use of a standard shunt-type 
converter, which is inherently a very stable machine. 


AUTOMATIC FIRE EXTINGUISHMENT AND DETECTION 


‘Very little of a practical nature has been done along 
these lines except in power-plant work where the auto- 
matic liberation of inert gases into generator-cooling air 
has been more or less successfully carried out. There 
seems to be only two forms of extinguishing media 
which might be applied to automatic stations; inert 
gas and chemically-formed foam, the bubbles of which 
contain an inert gas. The objection to inert gas is the 
necessity for automatically closed dampers that will 

be tight enough to retain a sufficient amount of the 
liberated gas in the space affected. This method can 
best be applied to small stations using forced ventilation, 
as the whole station may be drenched with gas by 
closing the dampers at the intake and discharge open- 
ings. Stations provided with natural ventilation only 
are usually provided with a large number of openings 
both for intake and discharge and the problem of 
damper control would probably be too difficult. It is 
felt that this type of station, which is usually large in 
cubical capacity, can best be protected by the foam 
method, either in unit sections or by a system of sprin- 
kler pipes. 
been made in the application of a foam unit to a com- 
partment or stall housing an induction regulator. ~The 
foam tank was suspended over the regulator and by 
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In this connection some experiments have 
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means of a standard fire fuse, the chemicals were 
liberated into the tank where their mixing produces the 
foam. A section of the tank bottom was arranged to 
allow the foam as it was produced to drop down upon 
the body of the regulator. The effect produced was to 
cover the regulator with foam. In order to completely 
blanket the regulator it was necessary to close the open 
side of the stall with a screen which even of large mesh 
(14% in.) will cause the foam to be retained in the com- 
partment. While this scheme indicated at least one 
good way of preventing a spread of fire from a regulator 
failure, it was felt that it could not always be applied in 
just this way. Fires generally originate in windings 
and except in cases of rotating equipment the devices 
possessing these windings may be installed in compart- 
ments or perhaps a group of such devices in an isolated 
chamber. This compartment or chamber may be 
protected by a foam unit or if the ventilating arrange- 
ment is just right by a gas unit. It was realized that 
wherever foam was used some method of heating the 
chemical tanks would be necessary to prevent freezing. 
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A scheme was worked out for the protection of a com- 
partment by gas where the nature of the device in the 
compartment was such as to necessitate one side of the 
stall being open for ventilation (this typical case being 
applied to an induction regulator). The use of the 
standard-roller, steel fire-curtain door was not thought 
advisable on account of its high cost and the fact that 
it was metal. A door of asbestos lumber, hinged at the 
top corners, was worked out. The door itself was 
hinged in the middle so that it could be hooked up to 
the ceiling in front of the compartment, jack-knife 
fashion. The operation of the fire fuse over the regu- 
lator released the gas supply and the door trigger at the 
same time, thus permitting the affected compartment 
to be flooded. It is necessary of course that an excess 
of gas be liberated in the stall as this type of door will 
have considerable leakage around it. It is felt that 
the use of the above door, even without liberating an 
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extinguishing agent, would be a step in the right direc- 
tion and incidentally cheap enough to justify its use. 

The matter of automatic fire detection has been given 
much thought. It is not very desirable to attempt to 
detect fire by temperature for more than one reason. 
First, the ordinary fire fuse used for building sprinkler 
systems has been known to liberate water when no fire 
has occurred at all. This sort of performance is, of 
course, unthinkable in automatic substations. Secondly, 
a fire such as we may experience first manifests itself 
in an odor followed by smoke and last by violent tem- 
perature rise. The most desirable thing to use to give 
the alarm would, of course, be the presence of.a strong 
odor but as no automatic ‘‘smelling’’ devices have been 
produced, it is obviously impossible to consider this. 
Smoke, however, can be detected automatically and 
at present there is actually available a system, which 
by means of small suction pipes from various vital 
parts of a building, continually ‘‘samples” the air from 
these parts. This system is in use on shipboard and 
the indicating cabinet is located where some delegated 
officer can continually observe it. The smoke is made 
clearly visible by means of a properly directed light 
beam. It remains only to cause these light beams to act 
constantly on suitable devices to obtain automatic 
detection. This system in its present state of develop- 
ment is very elaborate and it is doubted if it can be 
justified in automatic stations at least for the present, 
but the manufacturers have indicated a desire to 
develop it further in the hope that it may be the 
answer to a good many of their problems. 


Reactors 


Since the most important feature of a current- 
limiting reactor is its reliability, the subcommittee has 
continued the collection of data on failures. The few 
reactors that have been called to its attention are 
mostly of the older design and the small number indi- 
eates that even in these, the weak points have been 
practically eliminated. Such failures which have 
occurred serve to keep before the manufacturers of 
reactors and engineers of power stations, the need for the 
greatest care in their manufacture and installation to 
the end that failures will be reduced to a minimum. 


It is generally agreed that for medium and large size 
systems, reactors are a necessity not only because they 
reduce short-circuit currents and thereby lessen the 
duty on oil-circuit breakers and the electro-magnetic 
stresses on all equipment, but also maintain voltage 
on the rest of the system in the event of heavy short 
circuits in any one section of .it. Were reactors 
omitted it is probable that an equal or: greater cost 
would be involved in providing and installing oil 
circuit breakers of sufficient rupturing capacity to 
successfully open the very heavy short circuits that 
could flow, if indeed such oil circuit breakers could be 
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built at the present time, and the system would still 
be without the stabilizing effect which reactors give. 

Reactors being a protective device may be con- 
sidered a form of insurance for which large premiums are 
paid in the form of losses and even more costly capital 
expenditures. Indicative of the extent of these capital 
expenditures is the fact that in one 200,000 kv-a. plant, 
the reactor installation (including compartments, 
building space, etc.), represents 15 per cent of the cost 
of the switchhouse. Another company, in order to add 
feeder reactors to one of its older plants, has had to 
erect a separate building for this purpose. 

Thermal capacity continues to receive attention and 
the subject is being further investigated. There has 
been a distinct tendency towards increased copper 
cross-section. One operating company has increased 
the conductor size of its 3 per cent feeder reactors 
more than 100 per cent over that used about ten years 
ago, this increase being due to a desire for greater 
factor of safety, rather than the slightly greater duty 
imposed by the system’s growth. The increased cost 
is but a small part of the total. 

The smaller cross section of these older coils should 
receive the careful attention of all operating men. 
The increased use of reactors on outgoing feeders from 
substations offers a means of using these older coils 
advantageously, the newer coils being installed in the 
generating stations, where the short-circuit currents 
as well as the importance is usually less. 

One or two operating companies have found it 
advantageous to order reactors with taps, so as to 
properly load parallel feeders of dissimilar character- 
istics (due to size or length, or both). 

Recently attention has been focused on shielding the 
reactor leads so as to prevent damage from foreign 
magnetic material, such as bolts, nails, etc., from being 
accidentally dropped into the coils or drawn into them 
at times of short circuit. One American manufacturer 
has enclosed the coils in porcelain and in England a 
similar protection has been used. Another American 
manufacturer has designed coils with asbestos insulation 
around the copper conductors to avoid having the bare 
parts exposed to this danger. The committee expects 
to keep in close touch with this development. 

The extension of the use of reactors is of interest. 
At first used in generating stations where their need 
is, of course, greatest, they are now being installed 
in substations on lines operating at generator voltages 
and also on the 2300- and 4000-volt distribution circuits. 
This latter application not only reduces the duty on the 
oil circuit breakers (a desirable step, especially where 
automatic circuit reclosing is employed), but also on the 
induction regulators, which on many systems would 
otherwise be subject to short circuits greater than those 
they are able to withstand. 

At the last Annual Convention of the Institute, 
papers by Boyajian and Blake were presented on a new 
form of current-limiting reactor—the saturated core 
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type. The coils are wound on an iron core and the 
superimposition of a constant unidirectional flux 
(from coil-carrying direct current) gives a coil with 
low reactance on normal loads but high reactance at 
times of short circuit. The cost of such a coil will 
probably limit its use to special applications. 

A paper on ‘“‘Eight Years Experience with Protective 
Reactors’’ was presented before the Spring Convention 
(St. Louis) of the Institute by Lyman, Perry and 
Rossman. 

In addition to points touched upon above, the Com- 
mittee recommends that the succeeding Committee 
give consideration to two points which have recently 
been suggested, namely: 

The question of the use of current-limiting reactors 
with static condensers, to— 

1. Aid in smoothing out surges 


2. Limit the fuse current 


3. Increase the capacity of the condenser 
The question as to whether the use of reactors 
actually increases the duty on oil circuit breakers. 


Grounding of Systems 


The principal activities of the subcommittee this 
year consisted in summarizing the information on 
grounding methods received in reply to an inquiry sent 
out in conjunction with the corresponding subcom- 
mittee of the National Electric Light Association, to 
thirty representative companies in the United States. 

This subcommittee confined its study to the technical 
information gathered in this survey, paying particular 
attention to grounding methods used in a-c. substations 
of systems transmitting at higher than generator 
voltage. The prevailing practise of this class of systems 
is to dead ground the neutral, consequently in case of 
line to ground faults, large values of ground currents 
must be taken care of, which calls for a careful study of 
grounding methods. 

The great increase in size of a-c. substations in 
recent years has forced attention to proper methods 
_ of grounding, because in large capacity substations 
ground fault currents attain such magnitude, that even 
when flowing through ground connections of only a 
fraction of an ohm will produce dangerous voltage 
gradients. In general, it may be stated that the prob- 
- lem of grounding is not so much that of obtaining 
individual grounds of low impedance, but rather one of 
obtaining a well distributed ground so as to approach 
an ideal equipotential area and thereby avoid dangerous 
potential gradients near ground electrodes when 
ground-fault currents flow. Another important re- 
quirement for a successful ground is the ability to 
dissipate, at times, large amounts of energy without a 
material change in the ground. 

Grounding to Water Piping System. Water piping 
systems afford the best grounding systems obtainable 
and should be used wherever the necessary permission 
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can be obtained. In fact, water systems have such 
comparatively low ground resistance that, where 
they are in proximity to other artificial grounds, a 
difference of potential will exist under fault conditions 
which will constitute a hazard to life unless the two are 
connected together. Unfortunately, water systems 
are available only in built up districts and generally 
can only be taken advantage of by indoor and moderate 
voltage substations. 

Artificial Grounds. At high-tension substations in 
outlying districts, it is generally necessary to resort to 
artificial grounds such as plate or pipe grounds. It is 
interesting to note that the tendency is away from the 
use of plate grounds and toward the greater use of 
pipe grounds. 

Although a single pipe ground has a higher resistance 
than a single-plate ground, a pipe ground of low resist- 
ance can be obtained by multiple grounding, that is, 
by connecting numerous pipes in parallel. In this way 
a ground of a given resistance can be obtained more 
economically with pipes than with plates. In addition, 
the multiple pipe ground will have the advantage of 
providing a well distributed ground which, as pointed 
out above, is a very important requirement. It may, 
therefore, be stated that the advantage of pipe grounds 
over plate grounds are that they: 

a. Are more economical 

b. Are more easily installed 

ce. Allow for convenient inspection and test 

d. Provide a distributed ground over considerable 
area when used in multiple _ 

The characteristics of ground pipes have been 
definitely determined in extensive tests conducted by 
the Bureau of Standards and others. Quantitative 
values on the properties of ground pipes may be sum- 
marized as follows: . 5 

a. The decrease in resistance with increased size of 
pipe is quite appreciable up to a pipe one inch in 
size, beyond which the curve becomes quite flat. From 
the standpoint of resistance there is, therefore, no 
economy in using pipe sizes larger than one inch. 

b. Very: little decrease in resistance is obtained by 
driving pipes to a greater depth than six feet. Pipes 
should, of course, be driven to a greater depth when 
the permanent moisture level is at a greater depth than 
this. 

e. Ninety per cent of the resistance of a pipe ground 
falls within a radius of six to ten feet around the pipe. 
Pipes should, therefore, be spaced approximately six 
feet apart to keep one out of the dense current field of 
the other. 

The effect of moisture and temperature on the 
resistivity of soils is surprisingly great below certain 
limits. Above a moisture content of 20 per-cent there 
is very little variation in coil resistivity with variation 
in moisture content. Below a moisture content of 
20 per cent, the resistivity rises very abruptly. With 
a moisture content of only 10 per cent, the resistivity 
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of red clay soil is 30 times as great as with a moisture 
content of 20 per cent. 

The effect of temperature on resistivity of soil is not 
appreciable above 32 deg. fahr. Below the freezing 
point, however, the resistance increases very rapidly, 
being 50 times as great at a temperature of 5 deg. than 
at 32 deg. 

In arid regions and in localities with sandy and rocky 
formations it is generally very difficult to obtain a good 
ground. In the West where such difficulties are fre- 
quently encountered, satisfactory grounds have been 
obtained by grounding to the steel casings of deep wells. 
Much benefit can also be obtained by treating the soil 
surrounding electrodes with chemicals such as ordinary 
salt, because, of the total resistance of a ground con- 
nection the most important part is contributed by the 
soil, the resistance of the electrode and contact re- 
sistance between electrode and soil under ordinary 
conditions being negligible. The electrical conductance 
of any soil is by means of the electrolytes formed by 
moisture combining with the soluble acids, alkalies, and 
salts, and where they are lacking, their artificial intro- 
duction will show excellent results. Such artificially 
treated soils require close attention and inspection as 
chemicals must be removed from time to time. 


Potential Gradients. Because of the importance at- 
tached to the subject of potential gradients near ground 
electrodes, several tests were made to determine their 
values under normal operating conditions. These 
tests, which are reported in Appendixes A and B show 
that at least 50 per cent of the total voltage drop 
of a ground will fall within two feet of the ground 
electrode. 


As reported in Appendix A, the potential gradient 
near the transmission tower when a line conductor be- 
comes grounded to the tower is great enough to con- 
stitute a hazard to life. In this case the towers were 
near a highway and it was recommended that overhead 
ground wires be installed and carried back to the 
station ground, so as to improve grounding conditions 
on the line and eliminate potential gradient hazards. 


In the test reported in Appendix B, heavy currents 
were used which, by heating and drying out the ground 
caused 80 per cent of the total voltage drop to fall within 
one foot of the ground electrode. This test emphasizes 
the importance of making ground connection capable of 
dissipating large amounts of energy without changing 
the character of the ground. 


Value of Overhead Ground Wire. As pointed out in 
Appendix A, the overhead ground wire assists materially 
in reducing line and system ground resistances by con- 
necting all tower and substation grounds in parallel. 
Several companies report improvement in relay action 
on grounded systems by connecting station grounds to 
the overhead ground wire on transmission lines. One 
company which formerly terminated overhead ground 
wire one or more spans away from substation reports 
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that serious potential gradients were produced by 
returning ground currents when lines became grounded 
to towers, which hazard was eliminated by connecting 
the overhead ground wire to the substation grounds. 
It is evident, therefore, that in order to obtain the full 
benefit of overhead ground wires, they should be 
connected to the station grounds. 


Petersen Earth Coil. Eleven months additional 
operating experience with the Alabama Power Com- 
pany’s Petersen Earth Coil is reported in a paper by 
J. M. Oliver and W. W. Eberhardt. The additional 
experience indicates that the high-voltage disturbances 
which were experienced when the coil was first placed 
in service have been entirely eliminated by making 
provisions to do all line switching, both hand and auto- 
matic, with the coil out of service—that is, with the 
system neutral solidly grounded. 


From the experience to date, the application of 
Petersen Coils appear to be limited to comparatively 
low voltage lines (66,000 volts and less) of moderate 
length with a single source of power supply. On an 
interconnected network, where several sources of supply 
are maintained to all principle load centers, good service 
can be maintained without the use of flashover sup- 
pressing devices. In other words, the expense and 
complications of a Peterson Coil installation are justi- 
fied only on radial feeder systems where it is desired 
to improve service to an important load center which is 
connected to the power source by only a single line. 
The Petersen Coil in such an application has the 
advantage over grounded neutral operation by reducing 
line outages due to flashovers, and over isolated neutral 
operation by eliminating arcing grounds. 


Grounding at Generating Stations for Proper Func- 
tioning of Relays. In isolated phase installations, al- 
though the possibility of phase to phase short circuits 
are eliminated in case of two simultaneous faults to 
ground, the hazard of a fault to ground still remains. 


Investigations have been made to determine the 
possibility, not of preventing ground fault currents, but 
of directing them into channels where they may be 
taken care of by connecting all metal parts, which are 
not normally at line potential but which are separated 
from parts at line potential by insulation, to a copper 
grounding system. The grounding busses of the three 


phases are joined together and taken through a current . 


transformer to thestation ground,thecurrent transformer 
operating a relay when fault current flows to ground. 


The application of this fault current relay scheme 
depends largely upon the arrangement of the grounding 
busses in which connection tests have been made to 
determine the proper arrangement and connection of 
the ground bus to various pieces of equipment. It is 
expected that further details upon this grounding 
scheme will be available at a later date and is one of the 
subjects which should be followed up by the grounding 
subcommittee next year. 


—_—— 
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Appendix A 


TESTS OT DETERMINE POTENTIAL GRADIENTS IN THE 
VICINITY OF TRANSMISSION LINE TOWERS 


Object. To determine if the voltage drop along the 
surface of the ground in the vicinity of a 120,000-volt 
transmission-line tower would be dangerous to life at 
the instant when one line wire became grounded on the 
tower in question. 

Method. One conductor of the line was grounded at 
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Each number indicates the potential drop from the tower to that point 
in per cent of the total drop from tower to station ground 

Ground resistance at tower = 3.40 ohms 

Ground resistance at station = 0.147 ohms 


the station, through a battery and the other end of the 
same conductor was grounded to the tower. A slide- 
wire rheostat was connected as a potentiometer, from 
the tower to the station ground, and the slide of the 
rheostat was at the same time connected through a 
millivoltmeter to a screw driver, as shown in diagrams 
ian o- 
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The screw driver was shoved into the ground at vari- 
ious points in the vicinity. of the tower and the slide 
wire moved until the millivoltmeter read zero. A 
scale was placed on the rheostat dividing it into 100 
parts, the position of the slide at zero reading of the 
millivoltmeter indicating directly the drop from screw 
driver to station ground as a per cent of total drop from 
the tower to the station ground. 


Result of Tests: 
TesteNumber: al.< 4 aes its 2. 3. 
Tower 
2.6 Ohms 
See Dia. 3. 


0.467 Ohms 
See Dia. 1. 


3.4 Ohms 
Potential Gredients.... See Dia. 2. 
Possible ground current 

in case a conductor be- 

comes dead grounded 
5700 amperes 


5700 amperes 2375 amperes 


2650 volts 19,350 volts 6,175 volts 
Voltage which person : 
leaning against tower 
could be subjected to. 4450 to 


6175 volts 


1,590 volts 12,600 volts 


Voltage which person 
standing near tower 
would be subjected to 
from foot to foot..200 to 300 volts 3000 volts 1300 volts 


Conclusion. These tests show that the potential 
near a tower is dangerously high at the instant a con- 
ductor becomes grounded to the tower. 

In this particular case the towers were near a high- 
way and the hazard was considered so great as to 
warrant the connection of the towers to the station 
ground with an overhead ground wire. 


Appendix B 
GROUND POTENTIAL GRADIENT TEST 


The object of this test was to determine the potential 
gradient in the ground surface surrounding a driven 
ground pipe when a heavy current flow takes place to 
ground. 

This test was made with the following equipment 
available: 

1—6250-kv-a., 2300-volt, three-phase, 60-cycle tur- 
bine generator. . 

-1—6300-kv-a., 22000/2300-volt transformer bank 
consisting of 3-2100 kv-a. single-phase units. 

1—22000/110-volt potential transformer. 

Switching equipment, instruments, insulator plat- 
form, ete. 

Connections for the test were made as follows: 

The test ground pipe was in a sandy soil which was 
the best location that could be found. Its measured 
resistance was 280 ohms. 

The auxiliary ground, which was 300 feet distant, 
was in better soil and had a resistance of 53 ohms. By 
having an auxiliary ground of lower resistance than the 
test ground, assurance was made that no failure would 
occur in the circuit outside of the test ground. 

The ground current was gradually increased from 
zero to a value which caused the test ground to steam. 
At this point the ground current was 30 amperes with 
an impressed voltage of 10,000 volts across the ground 
terminals. This value of current was considered the 
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maximum which could be maintained for any great 
length of time. 


With the current held constant at 30 amperes, 
readings were taken of the voltage drop along the 
ground surface at one foot intervals in the direction 
of the current flow between the two grounds. The 
voltage readings were taken with a 22000/110 volt 
potential transformer and a 0-150 volt voltmeter; one 
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Fie. 9—PoTEenTIAL GRADIENT Trust No. 3 


Each number indicates the potential drop from the tower to that point 
in per cent of the total drop from tower to station ground 

Ground resistance at tower = 2.6 ohms 

Ground resistance at station = 0.147 ohms 


ew 


22,000/ 110 
Potential 
Transformer 


Tron Rods 1-ft. Long 
Spaced 1-ft. Apart 


Test Ground 


<i Auxiliary Ground 
%"-Pipe 6-ft.Long 


2-3 Pipes 6-ft.Long 


Fie. 10—Grounp PorentTiIaAL GRADIENT TEST 


primary terminal of the potential transformer being 
connected directly to the test ground and the other 
terminal was successively touched to one foot iron 
stakes at various distances away from the test ground. 
This manipulation was done by an operator standing 
on an insulated platform and shifting the connections 
with a switch pole. 
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Following is a tabulation of the voltage readings ~ 


taken: 
Distance from Voltage Per cent of Total Voltage 
Test Ground Drop Drop at Test Ground 
1 ft. 6900 volts 82.0% 
sk 000) ae 83.4% 
3 aa 7200) 85.7% 
7 7400 88.0% 
Sr rs : 7600 “ 90.5% 
@. rs 73800 “ 92.8% 


These readings indicate that 82 per cent of the drop 
occurred within one foot and 92.8 per cent of the drop 
occurred within six feet of the test ground. 

Another set of readings taken three minutes later 
averaged 700 to 800 volts higher than those shown 
above, indicating that the ground was baking out, 
which, was expected, since the ground was steaming in 
the vicinity of the ground pipe. 

Tests made by the Bureau of Standards and reported 
in Technological Paper No. 108 showed that approxi- 
mately 90 per cent of the total drop at a ground pipe 
occurs within a six-foot radius of the pipe. The Bureau 
of Standards tests, however, showed a much smaller 
drop within a one-foot radius of the ground pipe. The 
only explanation for this difference in results is that the 
resistivity of the soil around the pipe increased ap- 
preciably due to the baking out effect in this test. 
This emphasizes the. importance of making grounds 
of sufficient current-carrying capacity to meet system 
requirements. 


Lightning Arresters 


The work of the Lightning Arrester Subcommittee 
this year has consisted almost entirely in an effort to 
list and evaluate the various electrical and mechanical 
features of lightning arresters. 

In order to get an expression of opinion, the form 
given herewith was submitted as a suggestion in at- 
tempting the classification. Members of the sub- 
committee were requested to give their opinions as to 
the relative values of the listed features, proportioning 
each with respect to its ‘importance in their own 


experience. 


Electrical Weighted Values 


Spark-over, Voltage. «i. cosucstsbren. coe mao Denes meee 
Dielectric: Sparksbags..s <.1--11.1 = teenie ee ara 
Impedance—Normal Frequency..................8- 
ae —200,000 ‘Cycles 2.5. ascot eas tremens rere 

a 1,000,000 Cy Clase... metic ris cei aston rete 
Discharge Capacity (amperes by time)............. ne 
Current Passed at Normal Voltage, Normal Frequency, 
with Gap"Short-Glpculted! Sh. tyecetssfam seats seamen 
8. Time Required to Interrupt Dynamic Current........ 


Mechanical 


NOM PO 


9. Condition After Heavy Discharge................... 
10. Number of Heavy Discharges Arrester will take care of 
WithoutRepaineten: 5.0 sea eats via she ts 4. kg 3 eae 

11. Attention Required in Service: 
(a) 
(b) 
(c) After Every Heavy Discharge............ a ee 
(a). Once -asDay or Oftener yt ia. ace ie cee hres 
1D). Ost. trs.« a tenses eee te Sie eae a Orn ete 
13... Depreciation Der yearind+ a.fetiat pitts ceive bia sais Anetra ris 
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This was sent out to members and was taken up for 
discussion at the midwinter meeting of the main 
committee. There was apparently quite a diversity 
of opinion among engineers as to the value and ac- 
curacy of such a classification. This diversity of 
opinion seemed to be, in a large measure, due to varying 
ideas as to the definition of the duty of a lightning 
arrester and of the various quantities involved. 

The subcommittee was therefore, instructed to make 
an effort to state definitely the duties of a lightning 
arrester and to define clearly the quantities which 
make up the suggested classification. Following this, 
the subcommittee is to proceed with the classification 
along the lines suggested. 

It is, therefore, possible to report progress only. 

The measurement of some of the quantities necessary 
in making up the classification presents something of a 
problem. Particularly this is true of the measurement 
of dielectric spark-lag and the rate of discharge of 
lightning arresters. It is found that when discussing 
these quantities, there is a very great difference in the 
methods used by different experimenters. The dif- 
ferent methods in use result in widely different read- 
ings of the quantities being sought. It seems that it 
is necessary to define very precisely, the size of the 
condenser to be used in measuring the discharge of an 
arrester; all the characteristics of the circuit to be used 
in measuring the voltage, and many other similar 
quantities. 

It will undoubtedly be necessary to arrive at some 
standardization of these measurements before it will 
be possible to standardize or classify lightning arresters. 
In order to arrive at a definite method of determining 
these quantities, the Research Committee has been 
made acquainted with the problem, and it is hoped that 
through this cooperation some standard and practicable 
method of measurement may be obtained. 

It is recommended that the succeeding subcommittee 
continue the work along similar lines. 


Relays 


Many difficulties have been encountered in the com- 
pletion of the Relay Handbook. It is now in the 
hands of the printers and should be available for 
distribution in June. 

This subcommittee is cooperating with the corre- 
sponding subcommittee of the Apparatus Committee, 
N. E. L. A., and plans within the next year to prepare 
the first supplement to the Relay Handbook. This 
supplement will be patterned after the Relay Handbook 
both as to form and size. 

Although no new relay developments have been 
reported to date, several interesting installations have 
been received. One operating company has made an 
installation of protective equipment in a generating 


station, which is rather interesting in a number of 


respects, particularly in the matter of its completeness. 
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A complete description of this installation appeared in 
the Electric Journal for April, 1924. 

This same company has also made use of a variation 
of the split conductor scheme for the protection of a 
large frequency changer used for interconnecting 
25- and 60-cycle systems. A description of this was 
given in a paper entitled “Use of Frequency Changers 
for Interconnection of Power Systems,” by H. R. 
Woodrow, at the Spring Convention in St. Louis, 
April, 1925. ; 

The problem of protecting generating station aux- 
iliaries was investigated to some extent by this sub- 
committee, but the findings are not sufficiently definite 
to report more than progress. It is reeommended that 
the succeeding subcommittee give this matter particular 
attention, and that the use of the so-called “‘Voltage 
Chaser” or automatic throwover switch be investigated. 
This latter gives some promise of considerable useful- 
ness in assuring a continuous power supply to genera- 
tion station auxiliaries, and it is felt that the subcom- 
mittee can do valuable service in coordinating experi- 
ence and practise. 


Oil Circuit Breakers 


Progress in Standardization. Interrupting rating 
of oil circuit breakers was defined by the Protective 
Devices Committee last year. This definition has now 
received all of the necessary approvals and is before the 
Standards Committee for final adoption. 

The proposed uniform procedure for testing oil- 
circuit breakers as prepared by this Committee last 
year has now been approved by the N. E. L. A. and is, 
therefore, in line to be used for future tests made by 
operating companies. Standardizing the methods of 
making system tests should make possible comparisons 
between tests on an equivalent basis so that maximum 
knowledge may be obtained from them. 

-The new edition of the A. I. E. E. Standards now 
being compiled will cover oil circuit breakers much 
more thoroughly than they are covered by the current 
edition. The most important new provisions are: 

Conditions and Methods of Making Temperature 
Tests. 

Tests of Dielectric Strength and Conditions and 
Methods of Making Same. 

Protection from Voltage Surges. 

Attention is called to the following definitions 
recently adopted by two prominent European technical 
societies covering certain essentials in connection with 
oil circuit breaker performance: 

Working Voltage is the maximum potential occuring under 
any operating conditions at the point where the switch is in- 
stalled in single and three-phase installations measured be- 
tween the outer conductors. (Not including over-voltages). 

Working Current is the effective value of the maximum cur- 
rent which flows through the switch continuously under any 
operating conditions (not including short cireuit or over-current 
of short duration.) 
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Interrupting current is the effective value of the a-c. com- 
ponent which fiows through the switch at the moment the con- 
tacts are opened during interruption. 

Interrupting Voltage is the effective value of the potential 
which, at the interruption, occurs on the line that remains 
under voltage immediately upon the dying out of the are of the 
interruption in all phases. 

The present standard general definition of interrupt- 
ing rating, paragraph 7090, A. I. E. E. Standards 1922, 
specifies the rating of current and voltage which the 
device will interrupt under “Prescribed Conditions.” 
No attempt has been made to date to define prescribed 
conditions and much further study and experience will 
be necessary before anything could be done along this 
line. It appears, however, that sufficient knowledge 
and experience is available at least to begin studies to 
define the ‘Prescribed Conditions.” In particular, 
the great difference in normal recovery voltage across 
circuit breaker contacts on systems with dead grounded 
neutrals, as compared with those whose neutral is free 
or grounded through resistance, makes it very desirable 
that the “Prescribed Conditions” be determined to the 
extent of covering this situation. Material economic 
advantage to many operating companies should result 
therefrom. 

Standardization of interrupting ratings is in active 
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progress at the present time by definite committees, 
which are now cooperating, to establish standard 
ratings, so as to reduce the number of circuit breaker 
designs which must be developed and the number of 
types of breakers required. 


Recommendations. 
are offered: 


The following recommendations 


a. Definite steps should be taken for a beginning, 
at least, toward formulating the “Prescribed Con- 
ditions” under which an oil circuit breaker is rated. 
First consideration should be given to the effect of 
conditions of operation of system neutral on interrupt- 
ing rating of breaker. 


b. Pending the working out of the above problem 
“Normal Voltage,” in the present definition of inter- 
pupting duty should be defined so as to permit of no 
misunderstanding as to its relation to recovery voltage 
in any given case. Presumably for the present, at 
least, the breaker should be rated so that the recovery 
voltage is equal to normal voltage. 

ce. Definitions equivalent to those for Working 
Voltage, Working Current, Interrupting Voltage and 
Interrupting Current given above should be adopted 
by the A. I. E. E. 


Latest Design and Practise in Power Plants 


By Committee on Power Generation* 


INTRODUCTION 


ROGRESS in the art of steam station design and 
P operation has been so rapid as to rather bewilder 

even the men who are giving their whole time and 
thought to this work. We have grown quite accustomed 
to seeing our dreams become actualities almost over 
night. The past year has witnessed the actual genera- 
tion of power in an 80,000-kw. generating station at a 
coal rate of kw-hr. 20 per cent lower than any previous 
performance on a commercial scale. May we with 
confidence look forward to further gains of the same 
magnitude? May we expect that each new station 
built will establish a new record for operating perform- 
ance? Why does each new steam generating station 
differ so radically from those already built? If we are 
to answer these questions, we must evaluate the present 
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day tendencies, look backward a bit to see how far we 
have come, and attempt to look forward. 


IMPORTANT TECHNICAL ACHIEVEMENTS OF THE LAST 
YEAR 


1. The operation of the two 40,000-kw. General 
Electric single-cylinder turbines, in the Philo Station 
of the Ohio Power Company: The steam is delivered to 
the turbine throttle at a pressure of 550 Ib. per sq. in. 
gage, and a temperature of 725 deg. fahr., the steam 
being withdrawn from the turbine after being expanded 
down to a gage pressure of 155 lb., returned to the 
boiler room, reheated to a temperature of 725 deg. fahr., 
and then expanded through the remaining stages of the 
turbine to a pressure of approximately 1% lb. per sq. in., 
absolute at the turbine exhaust. This marks the 
consummation in this country of Ferranti’s dream of a 
reheating cycle. The two units in this station have 
been in operation since October 14, 1924, and February 
24, 1925, respectively. The water rate, corresponding 
to a load of 40,000-kw., steam conditions being as in- 
dicated above and no steam bled from the turbine for 
feed water heating, is reported to be approximately 
8 lb. per kw-hr. In normal operation, steam is bled 
from two stages of the turbine for feed-water heating. 
The feed water then goes through economizers before 
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being delivered to the boilers. The air for combustion 
passes through a preheater before going to the wind 
box of the chain grate stoker. The flue gases pass 
through the preheater on their way from the econo- 
mizers to the stack. The heat consumption for 
this station has over a week’s time been as low as 
13,715 B. t. u. per kw-hr. of net station send-out, this 
performance corresponding to a load factor of 81 per 
cent for the week. 

2. The initial operation of the Crawford Avenue 
Station of the Commonwealth Edison Company in 
Chicago: The turbines in this station are designed for 
substantially the same steam conditions as the tur- 
bines in the Philo Station. The three turbines in the 
Crawford Avenue Station are of the cross compound 
type and were built by three different manufacturers— 

a. 50,000-kw. unit—C. A. Parsons 

b. 60,000-kw. unit—General Electric Company 

e. 50,000-kw. unit—Westinghouse 

Two surface condensers with vertical tubes connect 
direct to the exhaust casing of the low pressure element 
of each of these turbines. Each of these three turbines 
was built on anew design and they present many interest- 
ing features. Due to the new design of low pressure ex- 
haust nozzle and condenser, new features have been 
embodied in the turbine foundations, the building 
layout and the arrangement of auxiliaries. The 
Crawford Avenue Station has been in operation only a 
few months and as yet the single stage of reheating 
of the steam during its expansion has not been used. 

3. The construction by the General Electric Com- 
pany of a 3000-kw. turbine, running at 3600 rev. per 
min., for operation in the Weymouth Station of the 
Edison Electric Illuminating Company, with a steam 
pressure of 1200-lb. per sq. in. gage and a steam 
temperature of 700 deg. fahr. at the turbine throttle: 
This turbine will exhaust against a back pressure of 
approximately 350-lb. per sq. in. gage, its steam being 
first returned to the boiler room to be reheated to 700 
deg. fahr. and then discharged into the main steam 
_ header of the station. Only one boiler for operation at 

1200-lb. per sq. in. gage has been installed at the pres- 
ent time. This high pressure boiler and the turbine 
which serves as its reducing valve will soon be com- 
pletely erected and ready for operation. 

4. The operation in the Colfax Station of the Du- 
quesne Light Company in Pittsburgh, of two 35,000-kw. 
Westinghouse turbines, with four-stage bleeding of 
steam to raise the feed water to a final temperature of 
approximately 350 deg. fahr. before it is returned to the 
boilers: This marks the extreme development of the 
regenerative cycle in turbine room operation. 

5. The operation of four 30,600-sq. ft., double- 
ended Stirling boilers, with 22,464-sq. ft. economizers 
in the Lake Shore Station of the Cleveland Electric 
Illuminating Company: These boilers and economizers, 
equipped with pulverized fuel burners and furnaces— 
each of the latter having a volume of 29,150 cu. ft., 
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have shown on test an efficiency of 92.9 per cent 
at 140 per cent of normal rating, and an efficiency of 
89.8 per cent at 270 per cent of normal rating. These 
same boilers have operated at an average gross efficiency 
of as high as 90.4 per cent fora month’stime. These 
results have been obtained with coal running as high 
as 11 per cent in ash and as lowas 12,600 B. t. u. per lb. in 
heat value. The sulphur was as high as 3.5 per cent 
and the coal ash melted at approximately 2150 deg. fahr. 


Operating efficiencies in connection with the 29,085 
sq. ft. double-ended Stirling boilers in the Trenton 
Channel Station of the Detroit Edison Company, have 
been only slightly lower than the results quoted above 
for boilers installed in the Lake Shore Station in 
Cleveland. Each of these boilers in the Trenton 
Channel Station is equipped with two 9492 sq. ft. 
economizers. The coal is fired in pulverized form, and 
the furnace has a volume of 25,140 cu. ft. These 
operating results in the Lake Shore Station and the 
Trenton Channel Station, with the unburned fuel loss 
reduced to a small fraction of 1 per cent and the 
temperature of flue gases reduced to from 230 deg. 
fahr. to 250 deg. fahr., present an achievement un- 
dreamed of a few years ago. 


6. The operation of the 18,010 sq. ft. Babcock & 
Wilcox cross-drum boilers in the Cahokia Station of the 
Union Electric Light & Power Company of St. Louis: 
These boilers are twenty tubes high in the main tube 
bank and are not equipped with economizers. The 
coal is burned in pulverized form. The furnace has a 
volume of 12,850 cu. ft. Burning a most inferior grade 
of southern Illinois coal, these boilers have shown on 
test an efficiency of 85.9 per cent at 148 per cent of 
normal rating and an efficiency of 82.1 per cent at 260 
per cent of normal rating. The average gross boiler- 
room efficiency in the Cahokia Station has run as high 
as 81.2 per cent over a month’s time. These results 
are remarkable for two reasons: 


a. They were accomplished with very low grade coal. 
b. They were accomplished without the use of economizers 
or air heaters. 


7. The successful operation in the Chester Station 
of the Philadelphia Electric Company, of underfeed 
stokers, with air delivered to the stoker wind box pre- 
heated to a temperature 550 deg. fahr.: A 15,000 
sq. ft. boiler, equipped with a 15-retort, 22-tuyere, 
Tavlor stoker with clinker grinder has operated for 
extended periods at ratings in excess of 300 per cent of 
normal boiler rating, with air delivered to the stoker 
wind box at a temperature of approximately 550 deg. 
fahr. The fuel bed has been free from large clinkers and 
is as easy to maintain in good condition as in connection 
with other boilers not equipped with air preheaters. It 
appears that stoker maintenance will not be greatly 
increased by use of preheated air. It does appear, 
however, that furnace walls designed along conventional 
lines will not withstand the effects of the high furnace 
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temperatures which obtain in connection with the use of 
preheated air. 

8. The further developments in use of water-cooled 
furnace side walls as exemplified in connection with the 
boilers installed in the Hell Gate Station and Sherman 
Creek Station, of the United Electric Light and 
Power Company in New York, and the boilers installed 
in the Zilwaukee Station, of the Consumers’ Power 
Company in Michigan. 

A novel wall has been in operation since November in 
connection with one of the stoker-fired boilers in the 
Lake Shore Station in Cleveland. By water cooling, 
the inner refractory lining having a thickness of less 
than 1 in. is maintained at a temperature of less than 
2000 deg. fahr., but still at not too low a temperature to 
slow up combustion adjacent to the wall. 

9. The successful use of Cottrell precipitators in the 
Trenton Channel Station, of the Detroit Edison 
Company, for the removal of fine ash from the flue gases 
before they pass out the stack: The ability of this 
equipment to remove 75 per cent of the solids in sus- 
pension in the flue gas has been demonstrated. 

10. The successful operation of 70 in. Fuller air- 
separating type of pulverizing mill in the Cahokia 
Station, of the Union Electric Light and Power 
Company of St. Louis: This mill has pulverized 28 net 
tons of Illinois coal per hour, with a combined power 
consumption of 294 kw. for the motors driving the mill 
and the exhauster fan. Coal was pulverized to a 
fineness so that 65 per cent passed through a 200 mesh 
screen. This mill and its driving motor occupy a floor 
space of 13 by 21 ft. 

11. The development by the Fuller-Lehigh Carn 
pany of the “well type’ furnace for burning coal in 
pulverized form: In an experimental furnace 8 ft. 
square by 8 ft. high, 32,700 lb. of coal per hour have 
been burned. Such observations as can be made, in 
connection with a furnace open at the top to atmos- 
phere indicate that the coal is completely burned. 

12. The successful operation in several stations of 
automatic combustion control equipment: Notable 
installations are those in the Lake Shore Station in 
Cleveland, Sherman Creek Station in New York, and 
Devon Station, of the Connecticut Power and Light 
Company, in Devon, Conn. Reference has already 
been made to the close agreement between average 
monthly operating efficiencies in the Lake Shore 
Station, and the efficiencies obtained under the most 
zarefully made tests. It appears that equipment is now 
available which will enable elimination in large meas- 
ure, of the losses incident to the lack of constant 
vigilance by the firemen. 

13. The efficient operation of large single-pass 
condensers in the Waterside Station, of the New York 
Edison Company, and the Trenton Channel Station, of 
the Detroit Edison Company: In these installations less 
than 1 sq. ft. of surface is installed per kw. of turbine 
capacity. Ample provision has been made, however, 
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for the penetration ot steam into the tube bank. These 
installations point the way to possible reductions in 
the cost of condensing equipment without geese 
reductions in station economy. 

14. The placing in operation of five 30,000-kw. and 
nine 20,000-kw. turbines of the new Westinghouse 
multi-exhaust Baumann type. 

15. The construction by the General Electric Com- 
pany of two 50,000-kw., 62,500-kv-a., 1800-rev. per 
min., tandem compound turbo-generators, for the 
new Richmond Station of the Philadelphia Electric 
Company, and two 60,000-kw., 60,000-kv-a., 1500 
rev. per min., single cylinder turbo generators, for the 
Fourteenth Street Station of the New York Edison 
Company. 

16. The use of three new methods for insuring the 
reliability of the power supply for the auxiliaries in 
large steam stations: 

a. In ten new stations recently placed in operation or now 
in the course of construction, the generator which supplies power 
for the essential auxiliaries is directly coupled to the main 
generator and driven by the main turbine. 

b. In the Trenton Channel Station, of the Detroit Edison 
Company, the power for the auxiliaries is obtained from separate 
turbo generators which operate as condensing machines and 
eonstitute a separate power plant within the larger power plant. 

e. In connection with the Parsons turbine in the Crawford 
Avenue Station, Chicago, and the Richmond Station, Philadel- 
phia, the power for the essential auxiliaries is to be obtained from 
a transformer which is tied direct to the leads of the main 
generator. 


17. The extensive use of waste heat driers and steam 
driers for removing the moisture from coal before it is 
pulverized: This is best exemplified by the installations 
in the Cahokia Station, in St. Louis, and the Trenton 
Channel Station, in Detroit. 


IMPORTANT DEVELOPMENTS OF THE PAST FEW YEARS 

These things have come to pass within the last year. 
Looking back over a slightly longer period, we see the 
development of the steel-tube economizer for high pres- 
sure installations; the development of the inter-deck 
and radiant heat superheaters; the development of the 
air-cooled furnace for pulverized fuel, with a water 
screen for protecting the furnace floor; the develop- 
ment of the air preheater; the use of the closed system 
of ventilation with radiator type coolers for large turbo 
generators; the widespread use of deaerators and 
evaporators; the all but universal swing to the use of 
electric-driven auxiliaries; the newer developments in 
the design of boiler settings for chain grate stokers 
to insure a thorough mixing of the rich gas stream which 
rises from the front end of the stoker with the excess air 
which comes up through the rear end of the stoker, so as 
to enable a minimum of excess air to be used; and the 
development of the underfeed stoker for total furnace 
depths up to 19 ft. 8 in. All of these things were un- 
known as comniercial achievements and most of them 
undreamed of five years ago. 

The length of the strides which we have taken may be 
visualized by reference to the most interesting address 
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delivered by Mr. W. H. Patchell, at the time of his 
inauguration as president of the British Institution of 
Mechanical Engineers on February 21, 1924. As a 
result of a review of the situation in this country and 
abroad, Mr. Patchell presented the operating efficiencies 
for thirty-six stations in England, twenty-five stations 
in the United States, and one station—the Gennevil- 
liers Station—in France. The heat consumption per 
kw-hr. for the most efficient station in England was 
given as 20,150 B.t.u. The heat consumption for the 
most efficient station in the United States was given as 
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18,030 B.t.u., and the heat consumption for the 
Gennevilliers Station in Paris was given as 22,240 
B.t.u. We have referred earlier in this report to the 
remarkable performance of the Philo Station of the 


Ohio Power Company, which has been as low as 13,715 . 


B. t. u. per kw-hr. ~ 

These same facts referred to in the preceding para- 
graph may be visualized by reference to the curves in 
Fig. 1, which show the trend of performance of typical 
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stations plotted against the dates of initial operation of 
these stations. This curve is not the product of a dis- 
ordered imagination, but represents the weighted 
average in connection with the performances plotted ~ 
for twenty-two stations. At first glance, the curve 
appears to have a very peculiar shape. Further analy- 
sis indicates that there was a very definite reason for the 
slowing up of power-station development during the 
war period, and the extremely high prices of coal during 
the period from 1920 to 1922, inclusive, in no small 
measure account for the marked improvement in the 
performance of stations which have gone in service 
within the last six months. 

The dotted extension of the curve shown on Fig. 1 is 
our estimate as to the future possibilities in the way of 
improved performance for a station designed to operate 
on the straight-steam cycle with a single stage of re- 
heating. Obviously, this curve has to flatten out. 
We have also shown the over-all performance for a 
combined mercury vapor and steam station, which is 
indicated by the performance of the mercury-vapor 
turbine and boiler in the Dutch Point Station of the 
Hartford Electric Light Company, and we have 
shown by means of a dotted curve our estimate as to the 
future possibilities of the combined mercury vapor and 
steam cycle. 


One might. well gain the impression that the possi- 
bilities for further improvement in steam-station design 
have been almost exhausted. This is hardly the 
case. There are at least three major possibilities im- 
mediately ahead which will result in higher operating 
efficiencies for our steam generating stations: 

a. The further development of commercial equipment for use 
in the application of the mercury vapor-steam cycle. 

b. The development of superheaters, high-pressure steam 
piping, valves and turbines for operation in connection with 
steam temperatures of 800: deg. fahr. or higher. 

ce. The use of hydrogen or some equally suitable gas as the 
cooling medium in connection with closed ventilating systems 
for turbo generators, and the development of new generator 
designs which will take advantage of all the possibilities of this 
new cooling medium. 

It is perfectly true, however, that while there has 
been a drop from approximately 18,000 B. t. u. per kw- 
hr. to 14,000 B.t.u. per kw-hr. in the last eighteen | 
months, a further reduction from 14,000 to 10,000 B. t. u. 
per kw-hr. cannot be looked for unless use is made of the 
mercury vapor-steam cycle, with comparatively high 
pressure used in connection with the mereury vapor 
boiler and the most efficient possible layout in connec- 
tion with the steam end of the station. As far as further 
reduction in the fuel cost in connection with large steam 
stations goes, work is being done on the law of diminish- 
ing returns. A point has already been reached 
where further gains are going to be very difficult of 
attainment. 

The report thus far has dealt in large measure with 
the technical achievements and with the reductions in 
heat consumption in connection with our newer stations. 
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Our real function as power station engineers, however, 
is to deliver power on the station bus-bars at the lowest 
possible cost per kw-hr., and it is in the analysis of the 
elements which go to make up the cost per kw-hr. that 
we find the real answer as to the most profitable trend 
for future power station development. 

The total cost of each kw-hr. delivered on the station 
bus-bars is made up of four major elements: 


a. Operating labor and superintendence 


b. Maintenance 
e. Fuel cost 
d. Fixed charges on the investment 


The so-called operating cost which most of us talk 
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about when we discuss power costs, is made up of items 
a,bande. Accounting systems commonly used do not 
spread fixed charges so as to allocate so many mils to 
each kw-hr. generated, and accordingly many of us lose 
sight of them. It is perfectly obvious, however, that 
the interest and the taxes paid in connection with an 
investment in power stations and the money which must 
be set aside each year to provide for renewals due to 


depreciation and obsolescence are just as tangible. 


elements entering into the cost per kw-hr. as the money 
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which must be paid for fuel to generate that same kw-hr. 

In Fig. 2, is shown the trend of operating costs and 
fixed charges of typical large power stations plotted 
Against the dates of initial operation for these stations. 
As in connection with Fig. 1, only power stations of 
60,000-kw. capacity and higher are considered. An 
endeavor has been made to take into account all the 
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different factors in the derivation of these curves. 
Some of these factors are as follows: 


1. The variation in the cost of labor, both for operation, 
Maintenance, and for construction work during the period 
from 1913 to 1925. 

2. The variation in material costs and equipment costs. 

3. The variation in coal prices (costs of coal delivered in the 
bunker for a power station in Baltimore has been taken as the 
basis). 

4. The variation in the cost of new money in connection with 
financing which has been done during succeeding years. 

5. The variation in taxes which have as their basis the 
investment in power stations. 

6. The variation in the probable use factor of equipment 
placed in service during succeeding years. The average load 
factor of the system, the outages of equipment for inspection 
and repairs, and the amount of spare capacity considered neces- 
sary, are factors which go to make up the use factor in connection 
with the station. 

7. The decrease in man hours of operating labor per kw-hr. 
incident to certain developments in power-station design. 

8. The tendency towards the decrease in cost per kw. of 
installed capacity due to certain trends of power station design, 
and the conflicting tendency towards increased power station 
costs due to other trends of power station design. 


The thing which stands out from an inspection of the 
curves in Fig. 2, is the relative trend of the fuel cost and 
the fixed charges during recent years. There has been 
a marked reduction in fuel cost due to the improvements 
in power station design and due to the declining price of 
coal. There is a definite upward tendency, however, 
in connection with the fixed charges per kw-hr., and as 
the matter stands at the present time the fixed charges 
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are 4.5 mils per kw-hr. as compared to a fuel cost of 2.4 
mils per kw-hr. For those stations which are located in 
closer proximity to the coal mines and have the ad- 
vantage of lower coal costs, the fuel costs will be still 
further reduced, assuming, of course, the same modern 
power station design for the best possible economy. 
The fixed charges, however, will remain at 4.5 mils. 

The indications are that if we strive for lower fuel 
costs by the use of more efficient stations, the fixed 
charges per kw-hr. will rise still higher, and the increase 
in fixed charges per kw-hr. will more than offset the 
decrease in fuel cost per kw-hr. 

The real job which the power station engineer has 
ahead of him is to decrease the fixed charges per kw- 
hr. and to reestablish the proper balance between fuel 
costs and fixed charges. 

Certain executives and engineers will, no doubt, 
state that the fixed charges per kw-hr. in the newer 
stations which they are placing in operation, are very 
much lower than the curve indicates in Fig. 2, this 
being for the reason that these newer stations are 
carrying the base load for their system and are opera- 
ting at an extremely high use-factor. Our answer is that 
this is a transient condition. Each new turbine or 
station operates on base load only for so long a time as 

-it constitutes the most efficient turbine or the most ef- 
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ficient station generating power for that particular 
system. The curves given in Figs. 3 and 4 tell this 
story in a very striking manner. They show that the 
generating unit is heavily loaded during the second and 
third years of its life, but that from then on the loads 
carried during succeeding years gradually decline. 
These curves given in Figs. 3 and 4* constitute the 


*The data given in Figs. 3 and 4 was compiled by the Tur- 
bine and Generator Committee, Association of Edison Illumi- 
nating Companies, and embodied in the report of that Com- 
mittee for 1923. 
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actual operating history as regards kw-hr. generated 
during succeeding years by 268 turbines ranging in 
size from 750 kw. to 60,000 kw. 


It is perfectly obvious that fixed charges per kw-hr. 
must be determined by taking the total fixed charges on 
a piece of equipment or on a station during its life and 
spreading them over the total number of kw-hr. 
generated by that particular turbine or station during 
its useful life. 


It is of interest to note from Fig. 3, that the average 
unit capacity factor during the 17-year period on the 
268 turbines is approximately 25 per cent. The curve 
of fixed charges given as a part of Fig. 2 was based on 
the assumption that for generating stations placed in 
operation in 1918, the average unit capacity factor dur- 
ing their life would be 31 per cent, and for stations 
placed in operation in 1925, the average unit capacity 
factor would be 36 per cent. The evidence would tend 
to indicate, therefore, that if error has been made, it is 
on the side of showing the fixed charges per kw-hr. too 
low rather than as too high. 


Tendencies in the design of steam generating stations 
may be classified under four heads: 


1. Tendencies which improve the reliability of the power 
station, increase its cost, but do not appreciably affect the 
operating efficiency; for example: 

a. The use of house turbines, auxiliary generators, 
and storage batteries for insuring the auxiliary power supply. 

b. Isolated-phase layout and the use of reactors and 
other protective devices in the switchhouse. 

e. The duplication of auxiliaries, and provision of 
excessive amounts of spare capacity in boilers and turbines. 

2. Tendencies which decrease the coal consumption per 
kw-hr. and increase the cost of the power station; for example: 

a. The use of excessively high steam pressures taken 
together with a single stage of steam reheating during its 
expansion. 

b. The use of pulverized fuel-burning equipment. 

e. The use of adjustable speed motors for driving aux- 
iliaries where saving in power consumption at light loads is 
the consideration. 

d. The use of air heaters or economizers usually falls 
in this classification. 

e. The use of an excessively large amount of surface 
in the surface condensers for the main turbines. 

3. Tendencies which decrease the coal consumption per 
kw-hr. and also result in a reduction in the cost of the power 
station and perhaps in the cost of operating labor; for example: 

a. The use of electrically-driven auxiliaries. 

b. The use of moderately high steam pressures without 
reheating. 

e. The use of the highest steam temperatures which 
are possible with existing materials. 

d. The use of large turbines and large boilers. 

e. The use of three or four-stage bleeding for raising 
the temperature of feed water to within 75 deg. or 100 deg. 
of saturated steam temperature. 

f. The use of large mills for pulverizing coal. 

4. Tendencies which add to the cost of the station without 
improving either its reliability or appreciably decreasing its coal 
consumption; for example: 

a. Insufficient care given to grouping of equipment and 
waste space in power station building. 

b. Too many architectural frills. 
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For a particular set of operating conditions, some of 
the examples which have been cited above as falling in 
one classification may really classify themselves under 
an entirely new head. An inspection of the curve 
given in Fig. 2, however, presses home the conviction 
that every tendency which makes for an increase in the 
cost of steam generating stations, and correspondingly 
increases the fixed charges, must be viewed with sus- 
picion. The burden of proof should be on the designing 
engineer to show why the particular feature should be 
embodied in the design. The same line of reasoning 
indicates that the designing engineer should give 
intensive study to those tendencies of power station 
design which hold forth promise of giving lower first 
costs and lower fixed charges, as well as lower fuel costs. 

Now, turning to the field of hydroelectric plant de- 
sign and operation, we find somewhat different condi- 
tions obtaining and no such revolutionary changes 
taking place as there are in connection with steam sta- 
tion design. There is one definite tendency in hydro- 
electric plant design very similar to that which has 
made itself evident in recent years in steam station 
design, namely, the trend toward the use of larger 
water-wheel turbines and larger water-wheel generators. 
In the main, the objective is not higher efficiency, but 
lower cost per unit of installed capacity. The tendency 
seems to be toward using as large water-wheels as the 
turbine manufacturers can build in single runner vertical 
turbines for the operating head that is to be developed. 
An effort is then made to match this water-wheel turbine 
with a generator which will permit delivering the full 
output of the water-wheel turbine to the station bus- 
bars. Water-wheel type generators of 65,000 kv-a. have 
been built. It is true, however, that these generators 
have been built for special plants, and that only in a few 
cases has a maximum rating of 35,000 kv-a. been ex- 
ceeded. However, the size of generators is entirely 
economically dependent upon thé individual case and 
its relation to the size and charging current of the 
transmission lines, if not limited by the maximum 
possible output from the water-wheel turbine. 

In the future, it is going to be even more important 
than in the past to build water-power plants with a low 
first cost per unit of capacity. This must be done if 
the power from water-power plants is to compete with 
power from the larger and more efficient steam genera- 
ting stations. The use of larger generating units is the 
one means that holds forth most promise for decreased 
station costs. Further, with the greatly increased total 
loads in connection with the big power systems, it 
becomes perfectly feasible to install generating units of 
large capacity. The tying of a number of plants into 
the transmission network of a large system makes 
single unit water power developments practical, and 
combined with remote or supervisory control, such 
developments permit a simple layout, resulting in low 
operating expense. This is particularly the case with 
some of the smaller power sites which are relatively 
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ciose to existing developments. Simplicity of layout 
is very desirable, as it has a direct effect on reduction of 
costs, both capital and operating. The importance 
of this trend toward the use of larger generating units in 
connection with hydroelectric plants has made it seem 
worthwhile to prepare a symposium of the views of the 
engineers of the several different manufacturing 
companies on this particular subject. These state- 
ments are quoted herewith: 


Statement by W. M. White. There are five principal factors 
which limit the maximum capacity of hydroelectric equipment. 
These reasons are given below: 

a. Shipping facilities 

b. Material size limits 

ce. Keonomical generator speeds 

d. Manufacturing limits 

e. Strength and life of parts 

Shipping facilities are an important factor on many develop- 
ments, the runner being the item most frequently affected. 
Runners for medium and low heads may be sectionalized, but 
this is expensive, and for high heads it is doubtful whether 
sectionalized runners can be made sufficiently strong. Other 
parts of the turbine can usually be secticnalized to accommodate 
shipping, but the runner is usually the limiting factor. 

The sizes of available material is another important limiting 
factor. Shafts must be forged from steel ingots. At the present 
time, the largest ingots obtainable are about 80 in. in diameter, 


so that the shaft flange must come within a reasonable margin ~ 


below this diameter. This factor seems to be one of the im- 
portant points and limits size to about 100,000 h. p. at 200 ft. 
head, or 110,000 h. p. at-300 ft. head. 


Economical generator speed is the most important factor for 
low head developments. The cost per kw. of generator equip- 
ment increases rapidly for speeds below 80 or 90 revolutions. 
Seventy rev. per min. is about the minimum for economical 
generator construction and this fact places the limit at about 
12,500 h. p. at 20 ft. head and 30,000 h. p. at 40 ft. head. 


Incidentally, the runners for large low head developments are 
usually larger than can be shipped in one piece, but propeller- 
type runners can readily be made in several sections so that 
shipping is not the most important factor for low heads. 

Manufacturing limits are another important factor, that is, 
there is a maximum height and diameter of parts which can be 
handled with present shop tool equipment. Larger tools can 
be designed and constructed, but with the limited use for such 


equipment there is a question as to whether or not this is econom- 


ical. At the present time, most of the manufacturers of hydro- 
electric equipment are able to handle diameters up to 28 or 30 ft. 
and heights of from 10 to 12 ft. Without exceeding these 
limitations, it is possible to build units for about 52,000 h. p. 
at 70 ft. head, 70,000 h. p. at 100 ft. head, and 90,000 h. p. at 
150 ft. head. 


Strength and life of parts is another important factor limiting 
the maximum capacity of hydroelectric units. For high head 
developments, the question of penstock material is sometimes 
a limiting feature and practically limits us to 100,000 h. p. 
capacity under 2000 ft. head and 60,000 h. p. capacity under 
1000 ft. head. These turbines would be of the impulse type. 
For heads between 800 and 400, the question of strength and life 
of the runner is an important factor. Pitting oceurs more fre- 
quently under these high head conditions and it is, therefore, 
advisable to make the diameters larger in order to.deerease the 
relative velocities in an effort to decrease this pitting. Smaller 
runners of higher specific speeds could deliver the same h. p., 
but their life and strength is questionable and in all probability 
they would pit seriously in a short time. These factors seem to 


eT gy a a) A Sy, es 


es “>.> 1 en rr ee eae 


June 1925 


indicate that 110,000 h. p. is the upper limit for heads of 400 to 
800 ft., using the reaction type of runner. 

These limitations are based not on a consideration of either 
hydraulic equipment or electrical equipment alone, but on a 
combination of the two as a hydroelectric unit. Undoubtedly, 
turbines of larger capacity could be constructed for heads below 
100 ft. and generators of larger capacity for the high heads, but 
considering the combined hydroelectric unit, the values given 
represent the upper economical limit. 


Statement by E. V. Gibbs. The curve shown on Fig. 5 indicates 
the maximum h. p. capacity for which it is possible to build 
water-wheel turbine units for heads ranging from 20 ft. to 600 ft. 
The specific speed, corresponding to the different heads, is also 
shown in this same figure—No. 5, and the formula for the specific 
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Fig. 5—Curve SHowinG Speciric SPEED AND Maximum 
Capacity FOR WaTER-WHEEL TURBINES DESIGNED FOR 
- DIFFERENT OPERATING HEADS 


speed at 1 ft. head is given. At the present time the maximum 
h. p. curve is considered the maximum output of a single runner 
turbine unit under the correspcnding turbine head. 


From any given head up to 600 ft., a specific speed from the 
curve can be found, thus leaving two unknown factors in the 
formula to be determined, viz., the speed and power. LHither 
one of these unknown factors will have to be assumed under the 
given head, and this reduced to an equivalent at 1 ft. head by 
using the formula for speed which varies as the square root of the 
head. 


The h. p. under the given head can be reduced to the equiva- 
lent at 1 ft. head by the formula that h. p. varies as the square 
root of the cube of the head. 
speed of the maximum unit under the given head, take the 
h. p. from the curve for maximum h. p. shown on Fig. 5, and 
figure the same way to obtain the proper speed. While it is 
possible to build a turbine to operate under a 1000 ft. head, the 
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field for pressure turbines under this high head needs further 
exploration before it would be wise to recommend theni. 

Statement by R. V. Terry. Relative to maximum h. p. of 
hydraulie turbines, the Newport News Shipbuilding and Dry 
Dock Company is prepared to build for different operating 
speeds and heads: 


: : . NOV : 
Since specific speed, N; = ————, the maximum power 
5 
A ——— 
4 


(P) for a given speed (NV) and head (H) will depend upon the 
maximum specific speed selected for the particular head in 
5050 
H +32 
has been used in the past. This curve gives values of N. too low 
for heads from 10 to 450 ft. and too high for 450 to JO0O ft. 
Specific speed should not be used as an absolute basis for the 
selection of the maximum head; other factors, including the 
draft head, should be given due consideration. However, for 

632 


question. The so-called Experience Curve, Ns = + 19 


a number of years the formula, has been used for the 


Y 
maximum specific speed to which it is possible to go, except 
under expecially favorable conditions as to low draft head. A 
few installations of the propeller type have been made with 
specific speed beyond values given by the latter formula, but 
they may be considered experimental installations. Therefore, 
in working up data for this report, a maximum specific speed for 


632 
VH was used. 


a given head equal to 


Fig. 6 shows the maximum specific speed, maximum power and 
maximum speed for a given power that is proposed, using the 
head as a starting point. If the maximum power for a given 
speed and head is desired, this can be obtained from Fig. 6 or 
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directly from the formula, P maz= — ne? shows 


a Swf 
the formula in graphical form. In using the formula, one must, 
of course, bear in mind the limitation of power for a given head 
due to physical dimensions and shipping facilities. This 
Company is prepared to build turbines as physically large as 
can be conveniently transported and erected. 

-A lower value of specific speed than that given above may be 
assumed for a given head. This simply means that for a given 
unit there is a certain choice of speeds. However, as stated 
previously, the power for a given head and speed will be higher, 
the higher the specific speed selected. 

Statement by T. A. Worcester. With the larger units, the 
first cost, including building and operating cost, is less per kv-a. 
than with the smaller units. There is a physical limitation, 
however, to the size of units which ean be built with present day 
materials and types of construction; and the kv-a. capacities 
vary with the speed of the units. These maximum size units 
are approximately as follows: 


10,000 kv-a. at 720 rev. Ree min. 


20,000 “ “ 600 

80,000 “ “* 514 ¥ 
55,000 “ “ 400 . 
80,000 “ * 300 ii 
LIQ QO ir =200 . 


This table might be carried to lower speeds and larger sizes. 
For instance, it is theoretically possible to. build a 130,000 kw. 
machine at 100 rev. per min., but it is questionable if it is at all 
desirable to put so much capacity in a single unit. 

Statement by F. C. Hanker. The 1924 water-power devel- 
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opments have been characterized by studies and investi- 
gations of a number of very large water-power developments in 
the north and northwest parts of the country. These develop- 
ments have involved consideration of water-wheel generators 
approaching the limits of commercial design. The following 
gives an approximate tabulation of the economic design limita- 
tions of vertical water-wheel generators at the present time: 


5,000 kv-a. at 720 rev. per min. 


12,000 “ “ 600 
40,000 “ “ 514 : 
45,000 “ “ 400 : 
70,000 “ “ 300 : 

100,000 “ “ 200 “ 
75,000 “ “ 100 “ 


This tabulation assumes that the more usual conditions of 60 
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a frame bore (which is the same as the outside diameter of the 
armature punchings) of not more than 37 ft. This limiting 
dimension has been approached by the ratings given in the 
above table for speeds below 300 rev. per min. It appears quite 
probable that these limiting conditions will be reached by a few 
water-wheel generatorsin thenear future. In general, machining 
limitations are réached before the transportation limitations 
become a serious factor since the generator can be separated into 
parts and a large amount of the assembling done in the power 
house location if necessary without greatly increasing the over-all 
expense. 


TREND OF MODERN PRACTISE 


The manufacturers seem to. feel that automatic 
generating stations are growing in importance, but they, 
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cycles, 13,200 volts, 80 per cent overspeed, and normal flywheel 
effect apply and that standard commercial material is employed. 
At speeds below about 300 rev. per min., the physical dimensions 
of parts became a limiting factor. Low speed water-wheel 
generators are probably the largest pieces of material with which 
the electrical industry has to deal. When the dimensions become 
so great that special shop space and shop tools must be provided 
for the machine operation, the entire expense of this special 
equipment must be borne by such a relatively small number of 
machines that the cost becomes prohibitive. At the present 
time, the largest machine tools in this country will accommodate 


together with the majority of the operating men, feel 
that the complete automatic hydroelectric station is 
limited to the smaller sizes, there being two different 
reasons for this: In the first place, as the size of the 
installation increases, the complexity of the operating 
conditions determining the amount of power to be 
supplied trom the station also increases, this being 
something that is controlled, not by the station itself, 
but rather by system conditions; also in important 
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mittee, who points out the advisability of having a unit 
or units in a given power plant controlled by a gate 
mechanism of another unit or units in the same station. 
In other words, the plan of operation consists in starting 
and stopping units automatically and from the gate 
motion of other units, so that the gate controls of all 
units are kept within the efficient range and probably 


installations, considerable judgment on the part of the 
load dispatcher is required for the best system operation, 
which cannot be supplied by any automatic station 
equipment. In the second place, there is no entirely 
satisfactory way of supplying the initial starting im- 
pulse for the control of the full automatic station. 
Voltage conditions which are satisfactory in railway 
stations will not do; drop in frequency is not satis- within narrow limits where maximum efficiency is 
factory; so that, generally, the water level appears tobe obtained, depending upon the number of units under 


the most satisfactory means of control, and this very such control. 
materially limits the scope of the automatic station. While there has been a definite movement toward 
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outdoor substations and the location of all oil switches 
and transformers outdoors, progress in the matter 
of putting generating equipment outside has been very 
slow, the difficulty being, apparently, to provide suit- 
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However, automatic stations with supervisory or 
remote control are quite different and developments 
along this line have been very rapid. Stations with 


three generating units and with capacities up to 10,000 
kv-a. are’now so controlled; several stations of 25,000 able housing in case it is desired to dismantle a gen- 


kv-a. with this type of control are under consideration. erator. However, several stations have been built 
This type of control permits the operation of stations with a very low superstructure with an outside gantry 
with fewer men and gives these men greater freedom to crane and with movable roofs over the individual gen- 
leave the operating floor to attend to duties at the head  erators, which can be rolled back so that the gantry can 
gates or in the switch yards. be used to dismantle any particular unit. 

A somewhat different phase of automatic operation A noticeable tendency in connection with hydro- 
has been proposed by one of the members of this Com-_ electric plants constructed in the west during the last 
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two or three years, has been the trend toward more 
permanent construction. Many of the earlier installa- 
tions used open conduits. On all important develop- 
ments now being made, these open conduits are being 
superseded by tunnels. Pipe lines that were for- 
merly placed in trenches are now being placed 
entirely above the ground and carried in concrete 
saddles. The larger amounts of power that are being 
transmitted call for higher voltages, which in turn call 
for types of construction that are far more lasting and 
dependable than the wooden pole lines formerly used. 

In the matter of station auxiliaries, there is con- 
siderable tendency to get away from direct-connected 
exciters on the main generator shaft, making the main 
generators easier to dismantle and reassemble. In 
the matter of excitation, many stations use a com- 
bination of a waterwheel and a-c. motor coupled to the 
same d-c. exciter, so that if one of the prime movers 
fails the other will continue to drive the exciter. 

Several new European types of high-speed turbine 
runners are coming on the market in America. These 
appear to have considerable promise on account of their 
high efficiency. 

There are instances this year of the use of babbitted 
bearings on vertical shaft turbines in place of lignum- 
vitae bearings to reduce maintenance expense. 

Increased use of motor-driven, flyball governors is 
noticeable. ; 

A subject which has received special study by both 
operators and manufacturers during the last year is the 
pitting of turbine runners, both as to the exact nature of 
the pitting, cavitation or corrosion itself, and as to the 
causes thereof. The three principal causes of pitting 
are believed to be excessive draft head, excessive specific 
speed and poor design. There is considerable differ- 
ence of opinion as to the relative importance of these 
causes. The drive for high specific speeds in the last 
few years is blamed by some for the recent increase in 
pitting troubles. 

A subject that has occasioned considerable discussion 
is the omission of governors from hydroelectric units, 
particularly when operating in large interconnected 
systems. The suggestion that governors be omitted 
in such cases except as safety shut-down devices, has 
met with considerable opposition among operating men. 
The proper design, characteristics and functioning of 
governors for hydroelectric units operating in parallel 
with steam electric units, are questions which are now 
receiving intensive study. 

In the case of low head-water power developments on 
streams with widely fluctuating flow, there is an in- 
creasing tendency to secure the maximum possible 
output under existing limitations of property and flow- 
age rights by the use of crest gates or movable dams of 
various types. 

A considerable amount of experimental work has 
been done on draft tubes, but there does not seem to be 
any general agreement as to which type is the most 
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satisfactory. Those which apparently indicate the 
highest efficiency are usually very much more expensive 
to build. It is in connection with the low head installa- 
tions that the greatest care must be taken in the design 
of the draft tube. The great activity in draft tube de- 
sign in connection with low head plants has been 
brought about by the increased specific speed of units 
wherein a greater percentage of energy is discharged 
from the runner. It seems unlikely that lower spe- 
cific speeds will be adopted, but, on the contrary, more 
likely that an effort will be made to adopt higher ones, 
so that the problem of the draft tube will be with the 
Committee for sometime to come. It seems inevitable 
that some type of draft tube providing radially expand- 
ing passages must be adopted to best preserve the 
whirling energy from the high specific speed runners. 
It is important, however, that methods be developed 
whereby these draft tubes may be installed at moder- 
ate cost. 


CONCLUSION 


Much of the subject matter of this report falls more 
specifically within the scope of the American Society of 
Mechanical Engineers than of the Institute. We feel, 
however, that the members of the American Institute of 
Electrical Engineers should have called to their atten- 
tion the trends in the art of power station design and 
operation. With this thought in mind, this report has 
been prepared, and deals not with details of design and 
operation, but with tendencies and trends. We had 
this same purpose in mind in scheduling one session of 
the Spring Convention at St. Louis for a symposium 
dealing with power station design. Certainly those of 
our members who are associated with companies 
generating large blocks of power, cannot afford to lose 
touch with the field of power station design and 
operation. 


For those of our members who care to delve deeper 
into detailed discussions of the subjects briefly referred 
to in this report, we recommend a careful reading of the 
reports of the Prime Movers Committee, the Electric 
Apparatus Committee, and the Hydraulic Power 
Committee, of the National Electric Light Association. 
We also commend to your attention the wonderfully 
interesting series of papers presented at the World 
Power Conference in London. The papers presented 
before this Conference covered in an authoritative 
manner practically every problem of interest to the 
power station engineer. 

A subcommittee of your Power Generation Com- 
mittee, under the chairmanship of Mr. A. R. Smith, is 
working on a specific problem which we think is of very 
definite interest: There is a lack of common terminology 
and well-defined terms in the discussions which are 
heard, from time to time, dealing with power station 
operating costs and performance. It is felt it would be 
very much to the advantage of the industry that all 
should speak a common language. This Committee is 
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trying to set up a reasonable terminology and definition 
of terms which will have the best chance of acceptance 
by the engineers who have occasion to discuss the mat- 
ters referred thereto. It is not the thought of the 
Power Generation Committee to attempt to impose any 


‘set of definitions on the engineers of other societies who 


also have very vital interest in discussions dealing with 
power station design and operation. It is our plan to 
call the importance of this matter to the attention of 
other committees working in this same field, and by 
cooperating with the members of these other com- 
mittees, we hope to arrive at a set of definitions of terms 
which will be acceptable to all. 
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air in circulating water in estuarial and marine conditions. 

Berg, Eskil. Tendencies in Steam Turbine Plant. Power 
Plant Engineering, Vol. 28, p. 592, 1924. Mechanical Engi- 
neering, Vol. 46, 1924, pp. 577-582. 

High pressures and temperatures, stage extraction and re- 
heating discussed before the New York Section of the A. S. M. E. 

Billheimer, F. M. Energy Supply for Station Auxiliaries. 
Electrical World, Vol. 83, No. 8, February 23, 1924, pp. 377-380. 

Effect of heat balance and bleeding on layouts—discussions of 
systems proposed and used. 

Blowney, W. H. and Warren, G.B. The Increase in Thermal 
Efficiency due to Resuperheating in Steam Turbines. This 
paper presented at the Annual Meeting of the A. S. M. E. in 
New York, December 1924 and will be published in Transactions 
A. S. M. E., Vol. 46, 1924. 

Paper gives analysis of large number of tests on Turbines 
using steam at various superheats. Heat consumption of a 
turbine installation may be decreased from 6 to 7 per cent as a 
result of resuperheating the steam. 

Breach, L. and Midgley, H. The Drive of Power Station 
Auxiliaries. Jour. British I. E. E., Vol. 61, 1923, pp. 829-845. 

Consideration of the different types of auxiliaries and the 
different types of supplies available. 

Broido, B. N. High Temperature and High Pressure Steam 
Lines. Mechanical Engineering, Vol. 45, 1923, pp. 289-293. 

Formulas on radiation and friction losses in pipe lines carrying 
superheated steam. Heat transmission coefficients of bare and 
covered pipes at various steam velocities, superheats, and 
pressures are given. 

Brown, E. H. and Drewry, M. K. Economy Characteristics 
of Stage Feed Water Heating by Extraction. This paper pre- 
sented at the Annual Meeting of the A. S. M. E. New York, 
December, 1923, and published in A. S. M. EH. Transactions, 
Vol. 45, pp. 713-739, 1928. 

Practical computation and maximum realization. of extrac- 
tion gains for Power Plants of present trend in design. Authors 
point out the influence of each possible factor in the computations 
of a Turbine Heat Balance. 

Campbell, Wilfred. Protection of Steam-Turbine Disk 
Wheels from Axial Vibrations. This paper was presented at 
the Spring Meeting of the A. S. M. E., May 1924 and will be 
published in the A. S. M. E. Transactions, 1924. Power, 
Vol. 60, pp. 94-99, July 15, 1924. 

The author deals with the results of several years of extensive 
investigation by the G. EH. Co. of the vibration and waves which 
may exist in Steam Turbine Disk Wheels. Laws of dangerous 
critical speeds were determined. 

Colborn, C. E. Eeonomy Secured by Heating Feed Water. 
Power Plant Engineering, Vol. 28, No. 18, September 15, 1924, 
pp. 946-947. 

Improvement in plant economy by bleeding. 

Colborn, Chas. E. Economical Operation of Condenser 
Pumps. Power Plant Engineering, Vol. 28, No. 12, June 15, 
1924, pp. 643-645. 

Study of conditions which govern the use of one or two circu- 
lating pumps with changes in cooling water temperatures. 

Coulson, B. P. Mercury as a Working Substance for Binary 
Fluid Turbines. Engineering, Vol. 115, 1923, pp. 14, 47 and 88. 

Cox, Ivor R. Devices to Reduce Leaving Losses in Steam 
Turbines. Beama, Vol. 138, 1923, p. 175. (This magazine 
changed to World Power in 1924). 

Dahlstrand, J. Y. Conditions Affecting Steam Turbine 
Eeonomy. Power Plant Engineering, Vol. 28, 1924, p. 1041. 
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Dahlstrand, J. Y. Characteristic Curves of Steam Turbines. 
Power Plant Engineering, Vol. 28, 1924, p. 797. 

Dahlstrand, J. Y. Caleulating Steam Flow for Turbines. 
Power Plant Engineering, Vol. 28, 1924, p. 945. 

Dahlstrand, J. Y. Installation of Steam Turbines. 
Plant Engineering, Vol. 29, 1925, p. 128. 

Usefulness and life of unit will be prolonged by proper instal- 
lation. 

Dahlstrand, Hans. A Review of Steam Turbine Develop- 
ment. This paper will be presented at the 1925 Spring Meeting 
of the A. S. M. E. at Milwaukee. 

Dean, Peter Payne. Sectionalization and Remote Control of 
High Pressure Steam Lines. Mechanical Engineering, Vol. 45, 
1923, pp. 483-487. 

Deals with remote operation of various types of valves in 
order to quickly and safely stop escaping steam. 

Dodge, J. W. Developments in Electric Drive for Central 
Station Auxiliaries. G. H. Review, Vol. 27, June 1924, pp. 404- 
414. 

Describes various types of motors and control for this service, 
their inherent characteristics and applications. 

Dowson, Robert. Maximum Commercial Efficiency of 
Steam Turbines. Beama, Vol. 13, 1923, pp. 369. (This maga- 
zine changed to World Power in 1924). 

Drabelle, John M. Test of a Multiple-Stage Steam Turbine. 
Power Plant Engineering, Vol. 29, 1925, p. 236. 

Iowa Railway and Light Co. gives results of tests of 15-stage, 
3500-Kw. Turbo-Generator. 

Drabelle, John M. Improving Steam Turbine Operations. 
P. wer Plant Engineering, Vol. 28, 1924, p. 478. 

Drewry, M. K. Economical Loading of Turbo-Generator 
Units. Power Plant Engineering, Vol. 28, 1924, p. 887. 

Pronounced turbine characteristics definitely determined 
most efficient operation of several units. 

Electrical World. What the World Power Conference Showed 
About Modern Steam Turbines and Their Design. Vol. 84, 
1924, p. 737. 

Emmet, W. L. R. The Emmet Merecury-Vapor Process. 
This paper was presented at the Spring Meeting of the A. S. M. E. 
in May 1924 and will be published in A. S. M. EL. Transactions, 
Vol. 46, 1924. Mechanical Engineering, Vol. 46, pp. 235-240 and 
305, May 1924. 

The author describes the Mereury-Vapor installation in the 
Hartford Plant of the Hartford Electric Light Company covering 
the possibilities of the process, the turbines, the boilers, ete. 

Engineering. The Limits of the Steam Turbine. Vol. 119, 
1925, p. 294. oo 

Engineering. Turbine Troubles. Vol. 115, 1925, p. 305. 

Instances of actual turbine troubles developed at various 
stations. 

Engineering. The Shanghai and Other Turbine Failures. 
Vol. 117, 1924, p. 18. 

Engineering. Thirty 
Generator at Rotherham. 


Power 


Thousand Kilowatt Steam Turbo- 
Vol. 117, 1924, pp. 65 and 134. 
Engineering. Condensing Plant for 20,000-Kw. Turbine. 

Vol. 116, Oct. 19, 1923, pp. 494-496. 

Description of plant at Shanghai. 
Eppelsheimer, P. C. Multiple Exhaust Blading in Steam 

Turbines. Power Plant Engineering, Vol. 29, 1925, p. 282. 
Details of unit (35,000 kw.) installed at the Springdale and 

Colfax Stations. 

Fiske, Rogers A. Piping for High Pressure and Temperature. 

Power Plant Eng., Vol. 28, No. 8, April 15, 1924, pp. 424-427. 
Gaster, George E. Jet Condenser Performance. Power 

Plant Eng., Vol. 28, No. 21, November 1, 1924, pp. 1089-1092. 
Detailed discussion of the various factors affecting the opera- 

tion of jet condensers. 

Guy, H. L. and Jones, P. L. Metropolitan-Vickers Rateau 

Marine Turbine. Engineering, Vol. 115, 1923, p. 186 
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Hermann, C. C. Factors in the Design of Steam Piping 
Systems. Power Plant Eng., Vol. 29, No. 6, March 15, 1925, 
p. 348. 

Important factors diseussed—pressure drop, radiation relative 
location of equipment, reliability, ete. 

Hodgkinson, Francis P. Relation of Pressure and Velocity 
in Various Types of Steam Turbines. Power, Vol. 59, No. 12, 
March 18, 1924, pp. 444-445. 

Hodgkinson, Francis P. Large Steam Turbines. 
Engineering, Vol. 47, Mareh 1925, pp. 186-188. 

The author discusses the economy reliability and the present 
trend in design of large steam turbines. 

Hodgkinson, Francis P. Steam Turbines and Condensing 
Equipment. Transactions of First World Power Conference, 
Vol. 2, 1924. Mechanical Engineering, Vol. 36, pp. 628-31, 
October 1924. 

Hubbard, C. L. Selecting Boiler Feed) Pumps. Power, 
Vol. 60, No. 25, Dee. 16, 1924 Boiler Feed Pump Explanation 
and Calculations, Vol. 60, No. 26, December 23, 1924, pp. 1021- 
1024. 

Characteristics and selection. : 

Jungren, O. F. Large Curtis Turbines. Power, Vol. 61, 
Feb. 24, 1925, pp. 290-295. 

Author gives outline of development of large turbines by the 
General Electric Co. Some very good cuts accompanied this 
paper. 

Kearton, Wm. J. The Possibilities of Mercury as a Working 
Substance for Binary Fluid Turbines. Proceedings I. M. E., 
Vol. 2, Nov. 1923, pp. 895-952. 

Discussion of the paper pp. 953-976. 

Kerr, Wm. A Note on Jet Action in Turbine Blading. J. M. 
E., Vol. 2, No. 4, 1924, pp. 673-686. 

Paper deals with a special aspect of the problem of jet action 
in turbine blading. 


Kerr, Prof. W. On Turbine Wheel Friction. Journal 
Royal Technical College No. 1, December 1924, pp. 103-120. 

The author deals with the subdivision of. the steam friction 
losses in turbine wheels (blading losses and disk losses). 

Levit, L. G. Stage Efficiencies of Impulse Turbines. 
Vol. 60, No. 21, Nov. 18, 1924, pp. 809-810. 

Approximate manner of plotting condition curve so that 
pressures to be expected might be determined. 

Livingston, R. T.. Determining Pump Characteristics. 
Power Plant Eng., Vol. 28, No. 20, Oct. 15, 1924, pp. 1063-1065. 

Graphical determination of approximate pump characteristics 
from given data. 

McLeod, R. J. Turbine Reduction Gearing and Its Pro- 
duction. Proceedings I. M. E., Vol. 2, No. 4, 1924, pp. 633- 
659. 

Discussion of general questions governing design of turbine 
reduction gears, and the methods of production, from a manu- 
facturer’s standpoint. 

Mechanical Engineering. The Efficiency of Steam Turbine 
Nozzles. This is the second report by Steam Nozzles Research 
Committee of the Institution of Mechanical Engineers, Vol. 46, 
pp. 148-150, March 1924. First report published in the Pro- 
ceedings I. M. E. No. 1, pp..1-22, 1928. Third report in Pro- 
ceedings No. 5, pp. 715-735, 1924. 

Deals with coefficients and efficiencies of steam turbine 
nozzles. j 

Mellanby, A. L. and Kerr, W. The Pipe Loss in Steam 
Nozzles. Journal Royal Technical College, No. 1, pp. 67-102, 
December 1924. 

This paper very fully discusses the losses occurring in steam 
nozzles and contains valuable information for those interested 
in the design of nozzles for steam turbines. 

Naylor, C. H. Heat Transmission in Surface Condensers 
between Steam and Water. Beama, Vol. 12, 1923, pp. 206-214, 
287-293, Vol. 18, 1923, pp. 37-44, pp. 104-108. : 


Mechanical 


Power, 


June 1925 


Subject is treated mathematically with the addition of experi- 
mental data, and as a final cheek comparison is made with what 
obtains in practise. 

Nordstrom, V. Extra High Pressure Turbines. 
of First World Power Conference, Vol. 2, 1924. 

Noyes, Edward W. & Sturtevant, Harold V. 
of Dry Vacuum Pumps. 
1923, pp. 103-104. 

Parsons, Chas. A. Steam Turbines. 
World Power Conference, Vol. 2, 1924. 

Parsons, Chas. A. Steam Turbines. 
pp. 63 and 469, 1924. 

Penniman, Jr., A. L. Relation of Auxiliaries to Heat Balance. 
Power Plant Eng., Vol. 28, No. 7, April 1, 1924, pp. 389-391. 

System making use of a direct connected auxiliary generator 
is suggested. Abstract of a paper delivered at the Midwinter 
convention A. I. E. E. 

Power. Turbine Improvements. 
pp. 7-9. 

Discusses *‘Turbo-Blower” also Bauman blading. 

Power. Largest Single Cylinder, Single Flow Reaction Tur- 
bine Yet Built. Vol. 57, May 15, 1923, pp. 746-752. 

This paper deals with the principles and design embodied in the 
ecnstruction of the 35,000-kw. single barrel unit for the Spring- 
dale Station of the West Penn Power Company. 

Power. Calumet and Hecla Large Mixed Pressures Turbines. 
Vol. 58, July 3, 1923, pp. 10-12. 

Power. Turbine Specifications and Bids for Detroit Municipal 
Plant. Vol. 58, November 27, 1923. pp. 844-845. 

Power. Bonom Radial Flow Turbine. Vol. 58, December 18, 
1928, pp. 981-983. 

Power. Steam Turbine Blading. Vol. 59, Feb. 5, 1924, pp. 
200-204; Vol. 59, Feb. 12, 1924, pp. 251-254; Vol. 59, Feb. 19, 
1924, pp. 293-296; Continued in Vol. 59, Feb. 26, 1924, pp. 
329-330. 7 

Power. Fifty Thousand Kilowatt Compound Parsons Tur- 
bine for the Crawford Ave. Station. Vol. 60, Nov. 4, 1924, pp. 
728-730. 

Machine built in England and thermal efficiency of 27.8 per 


Transactions 


Size Selection 
Mechanical Engineering, Vol. 45, 


Transactions of First 


Engineering, Vol. 118, 


Vol. 57, January 2, 1923. 


cent from coal to steam expected. 


Power. Five Hundred Thousand Horse Power in Ford 
Turbines for River Rouge Plant. Vol. 61, Jan. 20, 1925, pp. 
88-94. 


This article gives a complete description of turbines and 
auxiliaries installed in the River Rouge Plant of the Ford 
Motor Co., and built in the Ford shops. 

Power. Steam Turbine Development Influenced by Higher 
Pressure and Reheating. Vol. 59, No. 1, Jan. 1, 1924, pp. 9-11. 

Discussion of house turbines, small steam turbines and con- 
denser developments. 

Power Plant Engineering. Steel Case Turbines Designed for 
High Pressures. Vol. 28, 1924. p. 360. 


Power Piant Engineering. New Crawfordsville Unit Shows 
High Eeonomy. Vol. 28, 1924, p. 1128. 


Municipally owned Publie Service Plant in Indiana installs a 
new 3000-kw. turbo-generator which shows a steam consumption 
of less than 15 lb. per kw-hr. 

Power Plant Engineering. Tendencies in Steam Turbine 
Construction. Vol. 28, 1924, p. 1183. 

Trouble is not anticipated with operating pressures as high 
as 1200 lb. per sq. in. 
deg. fahr. 

Power Plant Engineering. Use of Electrically Driven Aux- 
iliaries Increases. Vol. 29, No. 6, Mareh 15, 1925, p. 328. 

Details of motors and controls, as well as source of auxiliary 
power. Shown by recent investigations of modern central 
stations. 

Power Plant Engineering. The Steam-Jet Condensing Type 
Vacuum Pump. Vol. 29, No. 6, Mareh 15, 1925, p. 334. 


Temperatures will not go above 750 — 


LATEST DESIGN AND PRACTISE IN POWER PLANTS 665 


A description of the principals of the condensing type air 
ejector together with a study of its performance. 
Power Plant Engineering. Electrical Features of Long Beach 


Station. Vol. 29, No. 6, March 15, 1925. p. 344. 

Electrical auxiliaries supplied by separate shaft auxiliary 
generators. 

Power Plant Engineering. Electrie Power Systems for 
Auxiliaries. Vol. 29, No.8, April 15, 1925, pp. 432-435. 


Power Plant Engineering. Pipe Connections to Power Units. 
Vol. 28, No. 21, November 1, 1924, pp. 1093-1094. 

Strains resulting from weight of pipe connections and pipe 
expansion. 

Power Plant Engineering. Tendencies in Surface Condenser 
Practice. Vol. 28, No. 10, May 15, 1924, pp. 530-533. 

Elimination of dead tube space, multiple air suction openings 
and variable water supply factors in condenser design. 

Razek, J. The Regenerative or Stage Bleeding Cycle. 
Plant Engineering. Vol. 29, 1925, p. 323. 

Reheating of the feed water in a number of stages has a decided 
effect upon economy. 

Read, J. C. Steam Turbine Blading. Jour. I. HE. E., Vol. 
61, 1923, p. 1109. Materials, thermo-dynamie design of blades, 
mechanical design of blades, vibration and method of manufac- 
ture. 

Ross, M. O. The Multiple-Path Radial Ventilation of Large 
Turbo-Generators. Electric Journal, Vol. 21, No. 12, December 
1924, pp. 540-545. 

Discussion of the multiple radial system of ventilation and the 
limitations of other ventilating schemes. 

Smith, H. W. Motor Drives for Turbine Auxiliaries. 
Plant Eng., Vol. 28, No. 15, August 1, 1924, pp. 807-810. 

Modern practise in the application and control of motors 
for auxiliary drives. 

Smith, J. H. The Steam-Jet Condensing-Type Vacuum 
Pump. Electric Journal, Vol. 22, No. 1, January 1925, pp. 
17-23. ; 

The development and advantages, ete., of this type of vacuum 
pumps. 

Smith, A. R.- The Cooling of Turbine Generators. G. E. 
Revi w, Vol. 25, Dec. 1922; Vol. 26, 1923, pp. 83, 298 and 554. 

Dealing with various methods of recirculation air cooling, 
heat transfer, physical consideration and design of surface air 
coolers. 

Sprague, B. C. Method for Determining the Leaving Loss of 
a Steam Turbine. Power, Vol. 61, March 17, 1925, pp. 419-420. 

Stork, Ir. C. F. Steam Turbines for High Pressures. Trans- 
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Power 


-actions of First World Power Conference, Vol. 2, 1924. 


The Engineer. New Steam Turbine Design. Vol. 136, 1923, 
Dev6s 

New features of two 5000-kw. Allis Chalmers machines dealing 
particularly with blading construction and materials. 

- The Engineer. The Gas Turbine in Theory and Practise. 
Vol. 1385, 1923, pp. 466-468, 490-491, 515-517, 557-559, 583-584, 
595-598, 630-632. 

Dealing with the development of the Gas Turbines and giving 
characteristics of design and operation of Gas Turbines of 
various manufacture. 

The Engineer. Development of Large High Speed Two Pole 
Turbo-Alternator and the Year’s Production Record of C. A. 
Parsons. Vol. 137, 1924, p. 20. 

Different types of machines briefly explained. 

The Engineer. High Pressure Turbines. Vol. 137, 1924, 
p. 489. 

Development in the field of High Pressure Turbines being 
done by Brown, Boveri & Co. 

Thompson, Eustis H. Largest Straight Reaction Turbine. 
Power, Vol. 59, June 24, 1924, pp. 1016-1019. 

Fifty thousand kw. reaction turbine installed in Hudson Ave. 
Station of Brooklyn Edison Company. 
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Von Freundenreich, Dr. J. Vibration of Steam Turbine 
Disks. Hngineering, Vol. 119, January 2, 1925, pp. 2-4; January 
9, 1925, pp. 31-34. 

Problem of disk vibration solved experimentally as well as 
theoretically. 

Wirt, H. Loring. The Turbine Designers Wind Tunnel. 
This paper presented at the Annual Meeting of the A. S. M. E., 
December 1924, Mechanical Engineering, Vol. 47, pp. 13-17, 
January 1925. 

The determination of the efficiency of various types of nozzles 
is made by means of compressed air, measurements being taken 
with impact tubes, static tubes and angle measuring devices. 
Flow casts are used to determine the streamline and eddy flow 
through nozzle passages. 

Woodwell, J. C. Efficiency Test of a 15,000-kw. Turbo- 
Generator. Power, Vol. 61, January 27, 1925, pp. 128-131. 

Deals with tests on 15,000-kw. unit at Moore’s Park Station 
at Lansing, Mich. (Municipal Plant). 

World Power. Steam Turbines—Rateau Impulse Type, 
Vol. 1, No. 1 (New Series), January 1924, pp. 57-62. 

This article deals with the design and operation of the Rateau 
Impulse Type Turbine as manufactured by tihe Metropolitan- 
Vickers Electrical Company, Ltd. 

World 
Practise. 


Power. Recent Developments in Large Turbine 
Vol. 1, No. 4 (New Series), April 1924, pp. 243-248. 


This article makes mention of the 18,750-kw. 1500 rev. per min. 
Metropolitan-Vickers unit installed in the Dalmarnock Station 
of the Glasgow Corporation. It also deals in general with the 
design of Rateau Impulse machines. 


Boiter PLrant DEsiIGN AND OPERATION 


Bailey, E. G. Control of Boiler Room Operation. Power 
Plant. Eng., Vol. 28, No. 21, November 1, 1924, pp. 1095-1097. 

Outline of instrument and control application from a paper 
read before the N. A. S. KE. convention. 

Bailey, E.G. Fundamentals of Combustion Control. Power 
Plant Eng., Vol. 28, No. 20, October 15, 1924, pp. 1044-1048. 

Rate of fuel feed, amount of forced and induced draft are 
essential controls for combustion process. 

Bak, A. Kristian. Effect of Excess Air on Flue Tempera- 
tures and on Efficiency. Power, Vol. 59, No. 17, April 22, 1924, 
pp. 634-636. 

Results of tests at Connors Creek to establish the relation be- 
tween excess air and stack gas temperature for a particular 
boiler and setting. 

Blomquist, Viktor. Steam Generation at Extra High Meas- 
ures. Transactions of the First World Power Conference, Vol. 2, 
1924. 

Booth, C. A. mab hoon of Mechanical Draft Equipment. 
Power Plant Eng., Vol. 29, No. 2, January 15, 1925, p. 138. 

Brownlie, David. The Ideal for Efficient Secans Generation. 
The Engineer, Vol. 135, June 22, 1923, p. 649. 

The continuous measurement of air consumption. 

Bruce, John. Boiler Room Practise. The Electrical Review 
Vol. 94, No. 2410, April 11, 1924; Vol. 94, No. 2410, May 9, 
1924, pp. 736-738. Article concluded i in issue of May 16, 1924, 
pp. 809-811. 

Furnace efficiency, excess air analysis of operating results and 
the critical point of combustion. 

Burke, R. F. Burning Oil Under Power Boilers. 
Plant Eng., Vol. 28, No. 6, March 15, 1924, pp. 328-330. 

Clarke, C. W. E. Present Status of the Air Preheater. Power 
Vol. 61, No. 13, March 31, 1925, pp. 486-489; Mechanical Engi- 
neering, Vol. 47, March 1925, pp. 175-184. 

Historical summary of air preheating and recent operating 
developments in air preheating; giving interesting data in 
connection with present and proposed installation. 

Clarke, C. W. E. Boiler Test Results with Pre-Heated Air, 
Colfax Station, Duquesne Light Company. Transactions 
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A.S. M. E., Vol. 45, 1923, pp. 567-605, Mechanical Engineering, 
Vol. 46, 1924, pp. 64-72. 

This paper describes apparatus used and gives results of an 
extended series of tests carried out in the summer of 1923 on one 
of the units of the Colfax Station of the Duquesne Light Com- 
pany, Pittsburgh, Pa., in which flue-gas air preheaters had been 
installed. Results obtained showed efficiency of unit increased 
by from 5 to 7 per cent by the use of the preheater. 

Cotton, Alfred. The Determination of Chimney Size. 
Mechanical Engineering, Vol. 45, 1923, pp. 531-536. 

A simple and orderly system, based on accepted characteristics 
for determining the size of chimmeys. 

Engineering. The Preheating of Air for Boiler Furnaces. 
Vol. 115, June 29, 1923, pp. 807-809. 

Discussion of preheater and economizer. 

Engineering. Water-lined Furnace Walls for Power Station 
Boilers. Vol. 119, January 16, 1925, pp. 71-74. 

Boilers equipped with side wall cooling tubes, 
Station. 

Erith, Charles. Preheated Air in Modern Boiler Plant. 
The Blectrigat Review, Vol. 94, No. 2, 462, January 30, 1925, 

pp. 164-166. 

Discussion of preheaters and various installations. 

Funk, N. E. and Ralston, Farley C. Boiler Plant Economies. 
Transactions A. S. M. E., Vol. 45, 1923, pp. 607-641, ine. 

The authors have applied themselves to the determination of a 
rational formula expressing boiler-plant performance. The 
paper shows how this formula may be applied, and also dis- 
cusses the question of operating at minimum cost. 

Hall, R. E. Investigation of Boiler-Water Treatment. 
Power Plant Engineering, Vol. 28, No. 16, August 15, 1924, pp. 
843-845. 

Written in cooperation with G. W. Smith and H. A. Jackson 
for the N. E. L. A. 

Hall, R. E. Water Treatment for Continuous Steam Pro- 
duction. Mechanical Engineering, Vol. 46, 1925, pp. 810-817. 

Water treatment considered in its relation to scale formation, 
corrosion, delivery of dry steam, and minimum blow-down. 

Hunter, John and Cotton, Alfred. Methods of Ash Handling: 
Mechanical Engineering, Vol. 45, 1923, pp. 83-92. 

Various methods are described and illustrated. 

Jacobus, D.S. Development of High Pressure Steam Boilers. 
Power Plant Engineering, Vol. 28, Nc: 20, October 15, 1923, p. 
1047. 

Trend toward high pressures. Present day factors of safety 
not materially affected unless temperatures exceed 750 deg. fahr. 

Jacobus, D. S. High Pressure Steam Systems. Jlectrical 
World, Vol. 82, No. 14, October 6, 1923, pp. 699-707. 

Design and arrangement of boilers, eeonomizers and super- 
heaters in plants using these high pressure devices. 

Johnstone, Taylor F. Foreign Practise in Vertical Water 
Tube Boilers. Power Plant Engineering, Vol. 28, No. 22, No- 
vember 15, 1924, pp. 1140-1141. 

Descriptions of a number of European Types of Vertical 
Water Tube boilers together with their relative advantages. 

Johnstone, Taylor F. British Developments in Water Tube 
Boilers. Power Plant Engineering, Vol. 28, No. 3, February 1, 
1924, pp. 173-174. 

New design provides for independent circulation of water in 
tubes nearest fuel bed. 

Jones, Charles L. Removal of Seale with Carbon Dioxide. 
Power, Vol. 60, No. 15, Oct. 7, 1924, pp. 578-579. 

Applicable for the most part to special problems. 

June, Robert. Tests of Mechanical Soot Blowers. 
Vol. 60, No. 9, August 26, 1924, pp. 326-328. 

Attempts to determine the Bovine effected by mechanical 
soot blowing. 


Kemnal, Sir James H. R. Water Boiler. 
Vol. 2, 1923, pp. 579-586. 
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Construction and history of the water tube boiler. 

Kershaw, John B.C. The Control of Boilers by Temperature 
and Draught Measurements. The Engineer, Vol. 135, April 
27, 1923, pp. 487-441. 

Directs attention to the interdependence of the test results 
for C Oo, temperature and draft. 

Kriegsheim, H. Brittleness and Cracks in Seams of Steam 
Boilers. Power Plant Eng., Vol. 28, No. 15, August 1, 1924, 
pp. 792-795. 

Causes and prevention of so-called caustic embrittlement. 

Lundgren, Edwin. Swedish Boiler Operates at Pressure of 
500 Ibs. Power, Vol. 57, February 13, 1923, pp. 238-241. 

Steam generated in rotating tube with evaporation of 60 lb. 
per hr. per sq. ft. of surface. 

Martin, S. C. Automatic Combustion Control. 
Plant Eng., Vol. 29, No. 3, February 1, 1925, p. 182. 

Theoretical considerations governing application to pulverized 
fuel installations. 

MeDermet, J. R. Possible Methods of Reheating Steam. 
Power, Vol. 60, No. 26, December 23, 1924, pp. 1014-1016. 

Article points out the possibilities and disadvantages of such 
mediums of heat transfer as radiant energy, heated gas, oil, 
melted salt mixtures, organic liquids and mercury vapor. 

Mechanical Engineering. Oil Burning Under Steam Boilers. 
Vol. 47, 1925, pp. 276-281. 

Deals with atomizers, draft, oil characteristics, refractories, 
combustion data, ete. 

Munzinger, Frederick. The Influence of High Pressure Steam 
on the Design and Economy of Large Steam Boiler Plant with 
Special Reference to Boiler Plant for Electric Power Stations. 
Transactions of the First World Power Conference, Vol. 2, 1924. 

Peebles, T. A. Combustion Control. Mechanical Engi- 
neering, Vol. 47, 1925, pp. 193-196. 

Advantages of combustion control—control of steam and air 
pressures—feed water control, ete. 

Pigott, R. J. S. Combustion Control for Boilers. 
Plant Eng., Vol. 28, No. 13, July 1, 1924, pp. 694-695. 

Factors which influence control. Steam Flow, Air Flow and 
Fuel Feed should form basis of Regulation. 

. Pigott, R. J. S. Use of Combustion Control Devices In- 
creases. Power Plant Eng., Vol. 28, No. 23, Dee. 1, 1924, pp. 
1199-1203. 

Basic principles of various control schemes. 

Pigott, R. J.S. Combustion Control for Boilers. 
Engineering, Vol. 46, 1924, pp. 590-592. 

Functions involved in operation, possibilities and methods of 
regulation, design, installation. 

Power. Boilers and Boiler Auxiliaries.. Vol. 59, No. 1, Janu- 
ary 1, 1924, pp. 6-9. 

Diseussion of development changes in baffling and super- 
heaters, novel furnaces design, Air heaters, ete. 

Power. Bids on Boiler Auxiliary Equipment of Detroit 
Municipal Plant. Vol. 60, No. 16, April 21, 1925, pp. 605-607. 

Power. Air Preheaters and Their Application. Vol. 60, 
No. 23, December 2, 1924, pp. 884-889. 

Power. Boilers and Boiler Auxiliaries. Vol. 61, No. 1, 
January 6, 1925, pp. 3-8. 

Developments in boilers, high pressures, status of economizers 
and air preheaters, superheaters, stage bleeding heat balance. 

Power Plant Engineering. Evaporative Tests at River Rouge. 
Vol. 29, No. 5, March 1, 1925, p. 275. 

Results of five tests, using pulverized coal for sustained boiler 
loads up to 285 per cent of normal rating. 

Power Plant Engineering. High Pressures Affect Boiler 
Accessories. Vol. 28, No. 23, December 1, 1924, pp. 1191-1195. 

High pressure feed pumps, water columns for 1200 lb. boilers 
and superheat control are a few of the problems which were 
solved. ; 
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Power Plant Engineering. Calculation of the Boiler Heat 
Balance. Vol. 28, No. 19, October 1, 1924, pp. 991-995. 

Solution of a problem and an analysis of conditions which 
affect boiler economy over various periods of operation. 

Power Plant Engineering. Boilers at Cleveland, Rate 3060 
H.P. Vol. 28, No. 10, May 15, 1924, pp. 517-524. 

Fired by pulverized coal. Automatic combustion control by 
steam pressure and flow meters. 

Power Plant Engineering. Operation of Radiant Heat 
Superheaters. Vol. 28, No. 10, May 15, 1924, pp. 528-529. 

Steam temperature varies slightly with percentage of C Os. 
Two stage superheating has advantages. 

Ricketts, Edwin B. Problems in Boiler Furnace Design. 
Power Plant Eng., Vol. 28, No. 9, May 1, 1924, pp. 473-476. 

Changes in stoker design, high ratings, high capacities, ete. 

Ricketts, Edwin B. Boiler Furnace Design. Mechanical 
Engineering, Vol. 45, 1928, pp. 299-304. 

The tendeney toward larger combustion space. 
governing furnace volume. 

Savage, H. D. Water Cooled Furnaces . 
neering, Vol. 47, 1925, pp. 197-200. 

Description of several installations of fin-wall furnaces, 
pointing out their advantage. 

Shadgen, Joseph F. Centralized Combustion Control in 
Lowellville. Power, Vol. 59, No. 18, April 29, 1924, pp. 676-679. 

Simons, Gordon. Controlling Combustion by Temperature. 
Power Plant Engineering, Vol. 28, No. 17, September 1,1924, 
pp. 906-908. 

Furnace and exit gas temperatures control dampers and fuel 
feed through thermocouples. 

Smith, H. W. Motor Applications in the Boiler Room. 
Power Plant Engineering, Vol. 28, No. 13, July 1, 1924, pp. 700- 
703. 

Recent changes in control of station heat balance. 

Tenney, E. H. Water Treatment at Cahokia. 
Vol. 59, No. 17, April 22, 1924, pp. 647-648. 

The Engineer. Multi-flow Steam Superheaters, Vol. 136, 
October 5, 1923, pp. 376-377. 

Galloways, Limited, Manchester—Engineers. 

Thompson, Paul W. Tests of a Large Type W Stirling 
Boiler. Mechanical Engineering, Vol. 45, 1923, pp. 25-31. 

Tupholme, C. H. S. Turbine Pump for Boiler Feeding. 
Power Plant Engineering, Vol. 28, No. 5,.March 1, 1924, pp. 
279-281. 

Recent installations in Great Britain indicate growing use of 
turbine pump. 

Tupholme, C. H. 8. The Magnitude and Prevent of Air 
Infiltration Losses in Power Plants. World Power, December, 
1924. 

Weir, James G. Boiler Feed Water Circuits in Power Sta- 
tions. The Engineer, Vol. 136, October 5, 1923, pp. 372-374. 

Wiberg, O. A. High Pressure Water Tube Boilers. Tvrans- 
actions of the First World Power Conference. Vol. 2, 1924. 

Wolfe, G. E. Mechanical Control of Boiler Feed Water. 
Power Plant Engineering, Vol. 28, No. 5, March 1, 1924, pp. 
277-278. 

Diverse demands of engineers in feedwater regulation practise 
are being met by modern regulators. 

Puiverizep Coan, Stokers, FuEL AND COMBUSTION STUDIES 


Aldrich, W. H. Pulverized Fuel at the Cleveland Electric 
Mechanical Engi- 


Factors 


Mechanical Engi- 


Power, 


neering, Vol. 46, 1924. pp. 519-521. 
Brooks, H. W. The Development of Pulverized Coal as a 


Boiler Fuel. Mechanical Engineering, Vol. 47, 1925, pp. 89-93. 
Historical outline. 
Brownlie, David. Pulverized Fuel and Efficient Steam 


Generation. Jour. British I. E. E.,. Vol. 62, May, 1924, pp. 
385-418. Discussion of the paper, pp. 418-469. 
A detailed consideration of the performance of pulverized fuel 
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as compared with mechanical stoking under the most moderate 
conditions. 

Christie, A. G. Lake Waters for Condensers. 
sented at Spring meeting, A.S. M. H., May, 1925. 

Points out the persistence of stratification of warm and cold 
water layers in our Northern lakes and other deep waters; 
savings from increased vacuum; temperature-depth studies. 

Cole, A. L. Pulverized Fuel Systems. Power, Vol. 59, No. 
23, June 3, 1924, pp. 900-905; No. 24, June 10, 1924, pp. 940- 
945; No. 25, June 17, 1924, pp. 985-988; No. 26, June 24, 1924, 
pp. 1022-1027. 

The different types of equipment now in use for drying, pulver- 
izing, transporting and burning coal in pulverized form. 

Gauss, H. F. Computing Guaranteed Stoker Efficiency. 
Power, Vol. 59, No. 21, May 20, 1924, pp. 813-816. 

Computing stoker efficiency for a given fuel. 
Vol. 59, No. 22, May 27, 1924, pp. 858-860. 

Heller, L. W. Pulverized Coal Boiler Performance, Brunots 
Island Power Station. Power, Vol. 60, No. 16, October 14, 
1924, pp. 600-603. f 

Jackson, R. Powdered Coal: Its Preparation and Utilization. 
Engineering, Vol. 117, March 21, 1924, pp. 881-383, 415-418. 

Kreisinger, H., Blizard, J., Augustine, C. E., and Cross, B. J. 
An Investigation of Powdered Coal as Fuel for Power Plant 
Boilers. Bulletin 223, Department of the Interior, Bureau of 
Mines 1923. 

Presents the results of 36 tests made on a 468-h. p. Edgemoor 
boiler fired with pulverized coal at the Oneida Street Station of 
the Milwaukee Electric Railway & Light Company. 

Kreisinger, Henry. A Review of Recent Applications of 
Powdered Coal to Steam Boilers. Paper presented at the 
Annual Meeting A. S. M. E. December, 1924. 

Trend of development for the past two years of the application 
of powdered coal as a fuel for making steam. 

Lawrence, H. F. The Design and Operation of Underfeed 
Stokers. Mechanical Engineering, Vol. 45, 1923, pp. 19-21. 

Distinctive features of the single and multiple retort types 
with particulars of ope~ation and results that have been obtained. 

Lawrence, H. F. Design and Operation of Underfeed Stokers. 
Power, Vol. 57, January 16, 1923, pp. 100-104. 

Distinctive features of single and multiple retort underfeed 
stokers and principles of operation. 

Marsh, T. A. The Development and Use of the Modern 
Chain Grate. Mechanical Engineering, Vol. 45, 1923, pp. 14-16. 

Martin, S. C. Requirements for Burning Pulverized Coal. 
Power Plant Engineering, Vol. 28, No. 10, May 15, 1924, pp. 
525-526. 

Martin, $.C. Unit System for Pulverized Coal. Power Plant 
Engineering, Vol. 28, No. 9, May 1, 1924, pp. 471-472. 

Results of Tests. Advantages in remodeled plants. 

Newell, H. E. and Palm, Robert. The Hazards of Pulverized 


Paper pre- 


Continued 


Fuel Systems. Mechanical Engineering, Vol. 46, 1924, pp. 
783-784. 

Principal features underlying proper installations safety 
requirements. 


Power Plant Engineering. Fire Precautions for Pulverized 
Fuel Plants. Vol. 28, No. 12, June 15, 1924, pp. 641-643. 

Power Plant Engineering. What Type of Stoker Drive Should 
be Used. Vol. 28, No. 7, April 1, 1924, pp. 374-377. 

Relative advantages of engine, turbine a-c. and d-c.-motor 
drives. 

Power Plant Engineering. Investigation of Powdered Coal. 
Vol. 28, No. 7, April 1, 1924, pp. 391-394. 

General observation of practical value made during a series of 
tests under various conditions. 

Power Plant Engineering. Pulverized Fuel Makes Good 
Showing. Vol. 28, No. 4, February 15, 1924, pp. 248-250. 


Tests give high capacity, high efficiency, low upkeep and low 
cost of banking. 
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Rowe, E. E. Burning Anthracite in a Modern Steam Plant. 
Power, Vol. 60, No. 8, August 19, 1924, pp. 292-294. 

Operating records of the Amsterdam N. Y. Station of the 
Adirondack Power and Light Corporation. 

Selvey, W. M. Pulverized Fuel for Boilers. 
the First World Power Conference, Vol. 2, 1924. 

Shoudy, W. A.*and Denny, R. C. Recent Developments in 
the Burning of Anthracite Coal. Paper presented at Annual 
Meeting A. S. M. B., New York, December 1924. Abstracted— 
Power Plant Engineering, Vol. 29, No. 3, February 1, 1925, p. 178. 

Giving furnace design and stoker layout for anthracite burning 
plants. 

Tupholme, C. H.S. Foreign Developments in Firing Pulver- 
ized Fuel. Power Plant Engineering, Vol. 27, No. 20, October 
15, 1923, p. 1033. 

A general discussion of the use of powdered fuel with particular 
reference to British Practise. 

Wohlenberg, Walter J. and Morrow, Donald G. Radiation 
in the Pulverized Fuel Furnace. Paper presented at Spring 
Meeting A. S. M. E., May 1925. 

Fundamentals concerning radiation in the pulverized fuel 
furnace. 

Worker, Joseph G. Activity in Stoker Field Shows Results. 
Power Plant Engineering, Vol. 28, No. 23, December 1, 1924, 
pp. 1196-1198. 

Use of longer stokers and water walls have increased boiler 


Transactions of 


- output. 


Worker, Joseph G. Advances in Stoker Design. 


Power, 
Vol. 60, No. 27, December 30, 1924, pp. 1063-1065. ; 
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Allen, C. M. and Taylor, E. A. The Gibson Method of Water 
Measurement. Mechanical Engineering, January, 1924. 

Allner, F. A. The Parallel Operation of Hydro and Steam 
Plants. Paper presented at Spring Meeting A. S. M. E., 
May 1925. d 

Operating and economic features of parallel operation of 
Hydro and Steam Plants are discussed. - 

Angus, Robert W. Intakes for Power Plants. Paper pre- 
sented at Annual Meeting A. S. M. E., December 1924. 

Desirable features of intakes placed:in rivers or other bodies 
of water for supplying water for hydraulic turbines and other 
equipment. 

Barfold, Svend. Hydroelectric Practises on the Pacific Coast. 
Transactions A. I. EK. E., 1924, p. 536. 

Attention is drawn to the various items that demand con- 
sideration in the design of a plant to meet the particular con- 
ditions of that locality. 

Braun, R. Operating Hydroelectric Plants to obtain most 
Economical Output. Power, October 16, 1923. 

Doolittle, H.L. Hydroelectric Developments by the Southern 
California Edison Co. Journau A. I. BE. E., November 1923, 
Transactions A. I. E. E., Vol. 42,1923, pp. 1006-1007. 

Electrical World. A New and Interesting Hydroelectric 
Development. February 16, 1924. 

News items describing several unusual features. 

Electrical World. . A 7300-kv-a. Automatic Hydro Station. 
June 28, July 19, 1924. 

A very complete description of what is said to be the largest 
single automatic hydro generating station. Illustrated with 
photos and diagrams of connection. The dam and pipe line are 
described in the second article and apportionment of capital 
costs is shown. 

Electrical World. 
ber 6, 1924. 

Short description of a Japanese plant designed to deliver power 
at either 50 or 60 eyeles. 

Engineering. The Great Lake Hydroelectric Scheme, Tas- 
mania. March 21, April 11, May 2, 9, 30 and June 20, 1924. 


Modern Japanese Hydro Plant. Septem- 
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Present analysis of problem of determining most economical 
thickness of pipe covering for steam pipes carrying steam at 
500 deg. fahr. to 800 deg. fahr. 

Christie, A. G. Lake Waters for Condensers. 
sented at Spring Meeting A. S. M. E., May 1925. 

Points out the persistence of stratification of warm and cold 
water layers in our Northern Lakes and other deep waters; 
savings from increased vacuum; temperature depth studies. 

Douglas, Egbert. The Economies of Interconnection.of Large 
Steam Power Systems. Power, Vol. 61, No. 2, January 13, 
1925, pp. 52-53. 

Eglin, W. C. L. The Engineering Features of the Phila- 
delphia Electric Company System. Electrical World, Vol. 83, 
No. 19, May 10, 1924, pp. 933-950. 

Freeman, John R. The Fundamental Problems of Hydro- 
electric Development. Transactions A. S. M. E., Vol. 45, 1923, 
pp. 527-563, inc. 

This article deals with: Costs; hydro versus steam; steps 
in power development; economies of power development; prob- 
lems preliminary to building power stations; what may be 
expected in the future? 

Freeman, John R. 
Water Power Production. 
Power Conference, Vol. 2, 1924. 

Gaby, F. A. Hydroelectric Developments in Ontario. 
Transactions A. S. M. E., Vol. 45, 1923, pp. 21-39, ine. 

A summary of the potential power of Ontario’s water power 
is here given and the extent to which it has already been de- 
veloped. Systems and power development of the Hydroelectric 
Power Commission. Outline of the Queenston-Chippawa 
Development—largest in Ontario. Full description of this 
plant is given—Basis of power costs to consumers. 

Hayes, S. Q. Control of Wattless Current in Power Systems. 
Power Plant Eng., Vol. 29, No. 2, January 15, 1925. 

Heilman, R. H. Heat Loss Through Insulating Materials. 
Power Plant Eng., Vol. 28, No. 14, July 15, 1924, pp. 742-745. 

Method outlined before A. S. M. E. for calculating heat loss 
through pipe covering used for high steam temperatures. 

Hopkins, Raymond A. Power Station Lighting. Hlectrical 
World, Vol. 82, No. 18, November 3, 1923, pp. 913-915. 

Recommended intensities for various sections of plant dis- 
tribution system, emergency lighting discussed. 

Lawaezeck, I. F. Large Low Head Water Power Develop- 
ments. Transactions of the First World Power Conference, Vol. 2, 
1924. 

Lucke, Charles E. The Value of Efficiency in Transforming 
and Distributing Energy. Mechanical Engineering, Vol. 46, 
1924, pp. 317-324, pp. 380-385. 

Importance of energy costs, ete. 

Mayoral, Diego. Some Features of Modern Hydroelectric 
Developments. Transactions of the First World Power Con- 
ference, Vol. 2, 1924. 

Patchell, W. H. Address by the President. Address de- 
livered before the I. M. E. at meeting in London, March 1924. 


Paper pre- 


General Review of Current Practise in 
Transactions of the First World 


LATEST DESIGN AND PRACTISE IN POWER PLANTS 


Transactions A. I. E. E. 


Very interesting operating data given on Stations in England 
and United States. B.t.u. per kw-hr. obtained in these. sta- 
tions are compared. 

Penrose, Charles. Power in Pennsylvania. Address under 
the auspices of the Engineers Club of Philadelphia. Evening 
session of the Third Hydroelectric Conference. 

An analysis of the future of power interpreted in the economies 
involved. 

Pinchot, Gifford. Giant Power. The Report of the Giant 
Power Survey Board to the General Assembly with a message 
of transmittal from Governor Pinchot dealing with the Com- 
monwealth of Pennsylvania. 

Various topics are discussed including railroad electrification, 
mine-mouth power plants, power for industry, water-power 
development, condensing practice, transmission, ete. 


Pospisil, L. J. Upper Falls Development of the Washington 


Water Power Company in Spokane, Washington. Trans. 
A. I, E. E., Vol. 42, 1923, p. 1008. 
Power. Checking Foundations for Large Turbines. Vol. 59, 


No. 4, January 22, 1924, pp. 135-137. 

Article discusses requirements for foundation for Westinghouse 
turbine and inspection before installing the unit. 

Power Plant Engineering. Modern Practise in Power Plant 
Wiring. Vol. 29, No. 6, March 15, 1925, pp. 338. 

Power Plant Engineering. Boiler and Turbine Room Instru- 
ments. Vol. 29, No. 5, March 1, 1925, p. 288. 

Recent Developments, new adaptations of old instruments 
and their use in obtaining heat balance data. 

Power Plant Engineering. Recent Developments in Pipe 
Insulation. Vol. 28, No. 13, July 1, 1924, pp. 698-699. 

For high temperatures special insulations may be used next 
to the pipe with high heat resisting material as an outer cover. 

Rudenberg, Reinhold. Short Cireuit Currents in Large Power 
Stations. Transactions of the First World Power Conference, 
Vol. 3, 1924. 

Slader, Walter. Foundations for Steam Turbines. 
Plant Eng., Vol. 29, No. 4, February 15, 1925, p. 2382. ; 

Convenience and efficiency may be sacrificed by poor design 
and construction. 

Smith, Irving B. Applications and Limitations of Thermo- 
couples for Measuring Temperatures. Transactions A. I. H. BE. 
Vol. 42, 1923, pp. 349-357, ine. 

This article discusses the measurement of temperatures of 
feed water, boiler water, flue gas, ete., by use of thermocouples. 

White, W. M. Operation of Hydroelectric Systems and 
Auxiliary Steam Plants for Best Eeonomy and Proper Governing. 
Paper presented at Third Annual Hydroelectric Conference at 
Philadelphia, March 1925. 

Woodworth, H. A. Central Station Heating Requirements. 
Power Plant Engineering, Vol. 28, No. 12, June 15, 1924, pp. 
658-662. 

Conservation of fuel due to double use of steam. 
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Developments in Electrical Machine Design 


By Committee on Electrical Machinery' 


HE past year has shown a marked advancement in 

the art of electrical machinery, not only in the 

successful starting and operation of machines 
larger than any ever built up to this time, but also in the 
purchase and partial completion of machines still greater 
in size. Accompanying the trend towards larger sizes 
of units, there has been much investigation along the 
lines of ventilation, insulation, mechanical strength of 
materials, losses in iron and copper, the effect of ex- 
pansion and contraction on the insulation of long arma- 
ture coils, balance of the moving parts and the 
dissipation of heat from flat surfaces. 

New applications of electrical machinery have been 
made in various industrial lines and transportation. 
The design of an electric locomotive having d-c. motors 
and operating from a-c. feeders was adopted. Diesel- 
electric drives have been applied to locomotives in 
sizes heretofore not attempted for this type of drive. 


TURBO-ALTERNATORS 


During the past year a number of 50,000-kw., 62,500 
ky-a. turbo-alternators were successfully put into opera- 
tion. These machines operate at 1200 rev. per min. and 
represent the largest single shaft generators yet put into 
operation. The large size and weight of the various 
parts of these machines represent a difficult handling 
and transportation problem. The largest 3600-rev. per 
min. generator yet to be built was successfully placed in 
operation during the year, it being rated at 12,500 kv-a., 
80 per cent power factor. Machines having 60,000-kw., 
60,000-ky-a. ratings, and operating at 1500 rev. per min. 
are under construction. Quotations are being requested 
on 75,000-kv-a., 1800-rev. per min. machines, and 
83,333-kv-a. cross-compound machines are being 
considered. 

The increasing demand for turbo-alternators of 
larger and larger sizes has necessitated much develop- 
ment on the part of the manufacturers. This develop- 
ment has been along the lines of improvements in 
construction and improvements in materials for given 
purposes, such as retaining bands of greater strength 
to hold the field end turns in place, iron for stator cores 
having better magnetic properties, decrease in strand 
loss by use of twisted conductors and different ar- 
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rangements of coils, and improvements in the me- 
chanical strength of materials which make up the rotor 
to allow higher peripheral velocities. 

The 62,500-kv-a., 0.8 power factor, 1200-rev. per 
min., self-ventilated units installed have rotors weigh- 
ing approximately 200,000 lb., stators, 200,000 Ib. and 
the copper in the machine, 41,250 Ib. The stators are 
wound with approximately 40 miles of insulated wire. 
The successful operation of the rotors of these large 
machines has been largely due to many inventions 
made during the past few years in machines and 
machine tools. 

Tests made recently show that the temperature of 
the bare copper in commercial machines insulated for 
12,000 to 14,000 volts is approximately 15 deg. greater 
than the temperature determined by a detector placed 
between the top and bottom coils when the latter is 
from 55 to 60 deg. above the temperature of the ingoing 
air; also that the temperatures shown by resistance 
detectors and thermocouples are about the same, 
and that the temperatures at the half-way location in 
the slot are approximately two degrees lower than at 
the quarter-way.? 

The problem of self-ventilation is becoming more 
complex with increasing size of machines, which causes 
one manufacturer to recommend the desirability of 
external blowers being used for ventilating future 
machines. In the past, operating engineers have ob- 
jected to the use of external blowers on the ground 
that they are added auxiliaries and therefore an added 
source of difficulties which may lead to shut-downs. 
This manufacturer states that the use of closed-circuit 
ventilation with air coolers, now coming into use, offers 
added advantages in the use of external blowers and 
makes their consideration justifiable at this time. The 
chief advantage of using external blowers in connection 
with recirculating ventilation systems is that the blower 
can be placed before the air coolers and therefore the 
temperature rise in the air passing through the blower, 
due to rotational loss, can be absorbed by the air coolers 
and air supplied to the generator at a temperature some 
five or six degrees lower than possible with self-ventila- 
ting systems. 

In most cases ventilation is obtained by a multiple 
radial system in which the air passes radially in and out 
through the stator core. During the past year there 
were published results of experiments on this type of 
ventilation showing that the air is distributed in 
accordance with a simple hyperbolic or trigometric sine 
law. Knowledge of the balance state of flow when sev- 
eral branches of air meet and divide in a tube, the intake 
and discharge, occurring normally to the walls of the 
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tube, depends on the solution of a system of simul- 
taneous transcendental equations. The total pressure 
required for a certain volume of air per unit time can be 
expressed by hyperbolic and trigometric cotangents of a 
certain argument which contains the geometrical di- 
mensions of the air circuit. Large models of turbo- 
alternators employing different types of ventilation 
were also set up and tested. 

The use of closed ventilating systems has two dis- 
tinct advantages, in that accumulation of dust on the 
windings is practically eliminated and fire can be easily 
extinguished by introducing an inert gas into the sys- 
tem. Several fire extinguishing systems have been 
installed during the past year. These consist of an 
arrangement for injecting carbon dioxide gas into the 
ventilating duct. The arrangement can be either 
manually operated or operated by the differential and 
balance relays used for protecting the machine against 
short-circuited turns or grounds. The results of ex- 
haustive investigation along this line, published during 
the past year, show that the insertion of 25 per cent 
carbon dioxide gas, by volume, into the ventilating 
system will extinguish all flames. 

Some of the inert gases have characteristics much 
better than air for use as the cooling mediums in high 
speed electrical machines with recirculating cooling 
systems. Many gases have been considered but the 
result of much study shows that hydrogen has the better 
properties if explosion dangers can be eliminated. The 
advantages which hydrogen offers for this use as com- 
pared with air are enumerated below: 

Provided air can be excluded, hydrogen is a good fire 
extinguishing medium. The windage losses are greatly 
reduced due to the much lower specific gravity of hy- 
drogen and its high thermal capacity. The tempera- 
ture drop required to transmit heat through various 
parts of the machine is reduced. The temperature 
drop required to transmit heat from the hot surfaces of 
machine to the hydrogen and from the hydrogen to the 
coolers is less causing the hydrogen to return to the 
machine at a lower temperature. 

Results of tests on generators filled with hydrogen 
show that it is possible to carry 30 per cent greater load 
on a machine with the same temperature rise when hy- 
drogen is used as the cooling medium in place of air. 

It would be comparatively simple to make a rotating 
machine hydrogen-tight if suitable shaft packing could 
be developed. Apparently shaft packing is at the 
present time, the largest obstacle hindering develop- 
ment of commercial hydrogen-filled machines. Never- 
theless, this subject is worthy of further consideration 
and study. 

Recent experiments show that there is considerable 
loss in the inactive magnetic parts and active magnetic 
parts of these machines. Miniature. turbine-type 
generators were built for carrying out these investiga- 


3. A. I.E. E. Journat, March 1924, ‘The Multiple-Radial 
System of Cooling Large Turbo-Generators.”’ 


DEVELOPMENTS IN ELECTRICAL MACHINE DESIGN 


Transactions A. I. E. E. 


tions and the percentage losses were found to bear a 
similar relation to those of larger machines. Wood was 
substituted for various inactive parts and the magni- 
tude of losses in these parts determined. Experiment 
showed that there is a high-frequency harmonic flux 
which causes considerable loss in the end structure and 
that these losses bear a relation to the magnetic loading 
of the field. These data together with the results of 
further study which is now being carried on, give rise 
to the hope that the efficiency of future machines will 
be still higher because the nature of losses in heads of 
machines will be definitely known. 

Higher efficiency and lower temperature rises have 
been secured by grooving the surface of the rotor. 


SYNCHRONOUS Motors 

A magnetic clutch has been applied to the synchro- 
nous motor allowing the motor to run at synchronous 
speed before the load is applied. By this means the 
motor can start heavy loads with a starting torque as 
high as the pull-out torque of the motor, and synchro- 
nous motors can therefore be used where good power 
factor characteristics are desired but where heavy start- 
ing duty is required. 

The motor consists of a standard synchronous ma- 
chine, having a rotor which is not keyed to the shaft, 
but free to move on.a bearing carried by the spider. 
The field member of the clutch is bolted to the spider 
while its armature is fixed to the drive shaft. During 
the starting period, the rotor is brought up to synchro- 
nous speed and the drive shaft remains stationary. 
After the motor field is excited and line voltage applied 
to the stator winding, the magnetic clutch is excited, - 
drawing its two halves together and bringing the load 
up to speed. 

This motor has the advantage of being adaptable to 
full automatic, manual, or semi-automatic control. 
It is of sturdy construction, with desirable power factor 
characteristics, high load-starting torque and low 
starting current. 

Another motor has been developed which accom- — 
plishes the above purposes in a different way. This 
motor is essentially a synchronous motor but differs 
mechanically from the ordinary type by having the 
stator mounted on auxiliary bearings.. When the motor 
is started the rotor remains stationary and the stator 
comes up to synchronous speed. A friction brake is 
provided for bringing the stator to a standstill, thus 
causing the rotor to come up to synchronous speed. 

By this method the relative speed between rotor and 
stator is the synchronous speed of the machine during 
the starting and running periods. In this motor, as in 
the one mentioned above, the starting torque available 
is the pull-out torque of the synchronous motor. 

The other advantages are the same as enumerated for 
the motor above. 

Induction motors have been arranged for operating 
at various speeds by being provided with armature 
windings which can be connected for various numbers 
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of poles, but until recently the synchronous motor has 
been inherently a single-speed machine when the 
frequency of power supply is constant. During the 
past year a synchronous motor has been developed, and 
a 5000-h. p. motor actually built, which has pole 
changing switches for both the stator and rotor wind- 
ings. This machine has pure synchronous motor 
characteristics for both speeds and requires no more 
attention than the ordinary synchronous motor. As 
the first cost of this motor is only slightly above that of 
the ordinary synchronous motor for the low speed, it is 
a practical machine which should broaden the field for 
synchronous-motor application. 

The field poles are constructed so that they can be 
combined in groups of two having the same polarity, 
which gives the effect of one-half the original number of 
poles and will therefore cause the machine to rotate at 
twice the speed when the stator winding is reconnected 
for the corresponding number of poles. The poles are 
shaped to compromise between the best shapes for each 
speed. 

FREQUENCY CONVERTERS 

The year just past has seen not only the largest syn- 
chronous frequency changer yet built put into operation, 
but has also seen an induction-type frequency changer 
of the same capacity installed and successfully operated. 
The rating of these machines is 35,000 kw. A second 
induction frequency changer is now being built which 
will be rated at 40,000 kw. unity power factor for 
transfer of energy from the 60-cycle to the 25-cycle 
systems on which it is used and at 38,000 kw. unity 
power factor for transferring power from the 25-cycle to 
the 60-cycle system. This machine will be equipped 
with a phase-shifting device which will operate 
hydraulically. 

The 35,000-kw. synchronous frequency changer 

rotates at 300 rev. per min. and has shown an efficiency 
of 96.1 per cent under operating conditions. This 
over-all efficiency represents an efficiency of each unit 
better than 98 per cent which is very high for rotating 
machinery. The machine is self-ventilated and has 
very good starting characteristics for a machine of its 
size. The induction frequency changer was put into 
operation with no difficulty and when used in connection 
with tap-changing switches in the air-blast transformer 
and reactors, showed a larger condenser capacity for 
power factor correction at reduced loads than could be 
obtained from a synchronous frequency converter of the 
same rating. 

A new type of frequency converter was developed for 
tying together two systems, the frequency of each being 
susceptible to changes. This type is known as the 
Scherbius—controlled, load-regulating type of set. 
One machine is a synchronous generator and the other 
an induction motor having a Scherbius speed-regulating 
set. With this arrangement any desired amount of 
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load can be delivered in either direction up to the limits 
for which the set is designed irrespective of the relative 
frequencies of the two systems. Two of these sets 
having ratings of 6000 kw. were installed during the 
past year. They form a tie between a 60-cycle and a 
25-cycle system and are designed to operate with a 
total variation in frequency of nine per cent. If the 
60-cycle frequency system is constant, the machine 
rotates at 720 rev. per min., the induction machine 
operating at above or below synchronism depending 
upon the frequency of the 25-cycle system. 


TRANSFORMERS 


The size of transformers installed and put under con- 
struction during the year represents a new high mark. 
Transformers were installed rated at 15,000 kv-a., 
60 cycles, 7200-1382,000 volts, three-phase, self-cooled, 
having a 12,470-volt tertiary winding. The efficiency 
of these transformersis better than 99 per cent and they 
have a regulation of 1.1 per cent. Since the largest 
self-cooled transformers constructed up to the year 1920 
were of the order of the 10,000-kv-a., the above units 
represent a new level for three-phase transformers of 
this type. 

Some 22,000-kv-a. single-phase, oil-immersed, water- 
cooled transformers, having 12,000-volt delta-connected 
primaries, and 39,500-volt secondaries, Y-connected 
to give 68,500 volts, were put into operation. These 
transformers do not have output ratings as large as 
other transformers now in service at 60 cycles, but, 
due to the fact that they operated on 25 cycles, the 
quantity of materials used in them was much greater 
than in any transformers of this type yet put into opera- 
tion. Three-phase transformers, rated at 75,000 kv-a., 
have been built in Europe. 


Improvements made in transformer design include a 
new type of ration adjuster switch by which the ratio 
can be altered while the transformer is carrying load. 
Potheads were developed for mounting on the side of 
transformers in order to provide a means for bringing 
underground cable into the transformer without expo- 
sing terminals or live parts. The pothead consists of two 
compartments, one in which the cable terminates and 
another in which disconnect links are provided. The 
lower compartment is filled with petrolatum and the 
other compartment with transformer oil. The con- 
ductors from the three-conductor cable are connected to 
lugs in the pothead which are arranged on the arc of.a ° 
circle to make the reversing of conductors possible 
without splicing. A ground switch is now being 
designed to be located in the upper compartment and 
controlled remotely from the opposite side of the trans- 
former. This switch will provide a convenient means 
for grounding the feeder connected to the transformer. 
A new device has been developed for indicating the 
load on pole-type distribution transformers. This 
consists of two temperature detecting elements, one 
immersed in the oil and the other mounted in a case for — 
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detecting ambient temperatures. These two tempera- 
ture detectors are connected in series to a pointer which 
moves by the action of the temperature detector in the 
oil, which movement is modified by the action of the 
detector affected by the ambient temperature. When 
the temperature exceeds a safe value a target shows. 

Several installations have been made of a transformer 
which is filled with nitrogen above the surface of the oil. 
The nitrogen used is automatically obtained from the 
atmosphere by passing the air breathed by the trans- 
former through deoxidizing chemicals. The nitrogen, 
_ when formed, is conserved by a breathing regulator. 
The presence of nitrogen over the transformer-oil 
surface prevents the formation of sludges, (due to oil 
coming in contact with oxygen in the air), extinguishes 
fire, eliminates secondary explosions caused by mixture 
of the gases with air, and cushions primary explosive 
pressure from the sudden expansion of gases. 

A radiator valve has been developed for use between 
the radiators and tank of large, self-cooling trans- 
formers, when it is necessary to remove the radiators for 
shipment. The valve consists of a tube projected into 
the radiator flange on the transformer tank and has a 
gasketed disk which is held against the end of the tube 
by means of a spring. It is operated by a handle. 
Rotating the handle 180 deg. in the proper direction 
opens or closes the valve. When the valve is open the 
handle may be removed to prevent unauthorized per- 
sons from operating it. 

A new type of dehydrating breather for transformers 
has been developed, consisting of a screen basket sus- 
pended on a spring of large diameter. When the basket 
is filled with the proper amount of calcium chloride the 
spring is compressed and a pointer indicates the correct 
charge. As the calcium chloride absorbs moisture, the 
weight is increased and the spring is compressed until 
the pointer is opposite a refill designation. The calcium 
chloride is isolated from the humid atmosphere when the 
transformer is not breathing by means of check valves, 
and the device is designed so that the calcium chloride 
will not become saturated until after the refill designa- 
tion has been reached by the pointer. 


SYNCHRONOUS CONDENSERS 


During the year, construction has been started on a 
40,000-kv-a., 600-rev. per min. synchronous condenser 
representative of the largest machine of its type yet to 
be developed. 


SPRING SUSPENSION FOR A-C. GENERATORS 


A new method has been developed for preventing the 
vibration of large a-c. generators from being transmitted 
from the stator to the supporting foundation. This 
arrangement consists of a spring mounted in the frame 
of the machine supporting the entire stator. The 
development of this device will aid in the successful 
operation of electric machinery in districts where 
vibration is objectionable, especially in the case of 
single-phase machines which have inherent vibration. 
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WATER-WHEEL GENERATORS 


The installation of the 65,000-kv-a., 12,000-volt, 
water-wheel generators, at Niagara Falls, has been 
carried on, and the first unit installed has already 
operated successfully for more than a year. These 
machines still represent the largest water-wheel genera- 
tors built up to the present time. Among other large 
water-wheel generators about to be installed are a 
number of 32,500-kv-a., 12,000-volt machines, 23,160- 
ky-a., 13,200-volt machines, 18,750-kv-a., 6600-volt 
machines, and 19,500-kv-a., 6600-volt machines. The 
size of automatically-controlled, water-wheel generators 
has been advanced to 7300 kv-a. 


SYNCHRONOUS CONVERTERS 


A number of synchronous converters have been 
developed for use in congested metropolitan districts. 
These are completely enclosed on the d-c. end and 
partially enclosed on the a-c. end. For cases in which 
systems of the same or different frequencies are tied 
together through the d-c. side of synchronous con- 
verters, a converter has been developed to incorporate 
special features for successfully withstanding current 
reversals feeding into a short circuit in either system. 


INDUSTRIAL MOTORS 


New lines of single-phase, adjustable-speed, brush- 
shifting motors, having a speed range of two to one for 
constant-torque load have been developed. Single- 
phase, repulsion induction motors, having squirrel- 
cage rotor construction, without centrifugal devices, 
have been extended to include a reversing type capable 
of reversal from full speed in one direction to full speed 
in the opposite direction. Another new development in 
industrial motors is a new line of synchronous motors 
for driving ammonia and air compressors. These have 
double-bar, squirrel-cage windings, giving better con- 
trol of current and torque under starting conditions and 
permitting the motors to be thrown on, full voltage. 
Induction motors of higher speeds with high-reactance 
secondary windings for full-voltage starting, totally 
enclosed motors with a special ventilation for operation 
in inflammable atmospheres and a new type of bearing 
which prevents air from getting into the bearing housing 
and oil from getting out, have been developed. Motors 
with enclosed collector rings have been put on the mar- 
ket for use in oil wells and similar service. 


A NEW SELF-EXCITED SYNCHRONOUS INDUCTION 
MorTor® 


The pure induction motor has characteristics which 
differ considerably from the pure synchronous motor. 
Each motor has advantages and disadvantages, the 
advantages of one being lacking in the other. A number 
of motors combining in part the advantages of both 
types of machines have been developed in the past and 
during the last year, there has been further development 
along this same line. 
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A paper was recently published describing a new type 
of motor which has induction motor characteristics 
during the starting period and synchronous motor 
characteristics during the running period, the source of 
excitation when running as a synchronous motor being 
supplied from within the machine. The rotor of this 
motor carries a polyphase winding supplied with power 
through slip-rings and a commuted winding. The 
stator has an exciting winding displaced ninety electrical 


degrees from the axis of the brushes, and a neutralizing - 


winding coaxial with the brush axis. Both these wind- 
ings are connected to the brushes through separate 
variable resistances. A third variable resistance is 
inserted across the brushes to relieve the commuted 
winding under severe starting conditions. 

When the polyphase winding is connected to the sup- 
ply lines, a revolving flux is set up which revolves at 
synchronous speed when the rotor is at a standstill and 
is stationary in space when the rotor is revolving at 
synchronous speed. Since the revolving field cuts the 
two stator windings, displaced by ninety electrical 
degrees when the rotor is revolving at a speed less than 
synchronism, currents are set up in these windings which 
give a torque similar to that generated in an induction 
motor. These currents close over the brushes and the 
commuted windings and are regulated by the adjust- 
able resistances which act in a way similar to the ad- 
justable resistance inserted in the secondary of a slip- 
ring induction motor. As the rotor approaches syn- 
chronous speed additional torques are developed by the 
stator windings which pull the motor into step, at which 
time the magnetic field revolving with respect to the 
rotor becomes stationary in space and the brush voltage 
becomes unidirectional, thereby causing the magnetiza- 
tions produced by the stator windings to be 
unidirectional. 

Whenever the torque demand is greater than the 
maximum synchronous torque of the motor, the 
machine will drop out of step and become an induction 
motor in effect, giving the same asynchronous overload 


- capacity as may be obtained from a corresponding 


slip-ring, induction motor. As soon as the torque 
demand is sufficiently reduced the machine will again 
fall into step. The motor is compounded to give power 
factor regulation by proper location of the brush axis 
with respect to the unidirectional magnetization of the 
secondary. All windings of the machine are utilized at 
all stages of starting and running. 


A NEw TYPE OF SINGLE-PHASE MOTOR‘ 


Sometime ago a single-phase motor was developed 
which had series characteristics during the starting 
period and shunt characteristics during the running 
period, but as the motor contained a centrifugal de- 


vice for decreasing the reactance of one of the windings, 


, 


the motor was never adopted for production. How- 
ever, this motor was a stepping-stone to a new type of 
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motor having the same series and shunt characteristics 
and having no centrifugal device. The latter is termed 
the squirrel-cage repulsion motor and had been brought 
out during the past year. 

This new motor consists of essentially a repulsion 
motor with a squirrel-cage winding inserted in slots 
which are located beneath the slots bearing the com- 
muted winding. Since the induction motor winding is 
imbedded deeply in the rotor core, it has high re- 
actance during the starting period, due to the relative 
high frequency of the induced current. However, 
when the speed of the rotor approaches synchronism, 
the frequency of the rotor currents is relatively low and 
the action of the squirrel-cage winding comes into play. 

Since the reactance of the commuted winding is 
inherently low, the current flows mainly in this winding 
during the starting period, and torques are produced 
similar to those of a plain repulsion motor during the 
starting period. At full load the squirrel-cage and 
commutated windings deliver approximately equal 
amounts of energy. 

Commutation is greatly aided by the action of the 
squirrel-cage winding due to the fact that it absorbs 
the energy which would otherwise cause sparking on 
account of induced electromotive force in the short 
circuited coil. To aid commutation further by absorb- 
ing the energy from the leakage flux which does not 
interlink with the squirrel-cage, a thin sheet of metal is 
inserted radially between the squirrel-cage winding and 
the commutated winding. This metal can be made of 
high resistance on account of the high frequency com- 
mutation and therefore does not materially interfere 
with the distribution of flux during the starting. 

The motor has a very much better power factor, both 
at synchronism and below synchronism, than the plain 
repulsion motor. The commutation is_ practically 
perfect due to the action of the squirrel-cage winding in 
connection with the metal strips mentioned above. 
The efficiency is also considerably raised by the addition 
of the extra winding. 

A NEW ALTERNATING-CURRENT GENERAL-PURPOSE 

Motor’ 

Another type of a-c. motor has been put on the 
market, which combines the starting characteristics of 
an induction motor with the good power factor char- 
acteristics of the synchronous motor, in a self-contained 
unit which needs no auxiliary machines for excitation. 
This motor will operate at unity or leading power factor 
and will carry very heavy temporary overload. 

The motor consists of a rotor having a polyphase 
a-c. winding and a commutated winding, and a stator 
having a field winding and an auxiliary winding. The 
auxiliary winding is physically located at 90 deg. from 
The field 
winding is connected to the commutator brushes. The 
power supply lines are connected to the polyphase wind- 
ing on the rotor through slip rings. 
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The commutated winding does not appreciably affect 
the torque of the machine at standstill or low speed, but 
at higher speeds the commutator voltage enters into 
giving better synchronizing characteristics. When the 
machine is operating at synchronous speed a d-c. 
potential is present across the brushes, which serves as a 
direct-current source of supply for exciting the field. 
The machine, therefore, acts as an induction motor 
during the starting period and as a synchronous motor 
exciting itself during the running period. When the 
load reaches 150 to 200 per cent of full load, the ma- 
chine drops out of step and continues to run as an 
induction motor. Assoonas the load is again decreased 
to within these limits, the machine falls back into step 
and operates as a synchronous motor. The losses in 
this motor are comparable to those of an equivalent 
induction motor. However, the new motor has a 
tendency to be slightly less efficient at fractional loads 
and slightly more efficient at overload. The size of 
this motor is approximately the same as for the corre- 
sponding slip-ring induction motor. 


Obviously there is a very large field for motors having 
the marked advantages enumerated above, not only for 
new installations where they can be made to operate at 
unity power factor, but also in older installations where 
a large number of induction motors have already been 
installed, in which case the lagging reactive kv-a. can be 
compensated by operating the new motor at leading 
power factor. However, the cost of these motors is 
considerably more than the corresponding induction 
motor, as may be expected. 


A “‘WooL-YARN” OILING SYSTEM FOR SMALL MOTORS 


Many classes of service for small motors call for long 
operation of the motor without attention. Such service 
demands an oiling system for the motor bearings which 
is capable of supplying the bearings with the proper 
amount of oil for long periods without cleaning or the 
addition of oil. 


A line of small motors has been put on the market 
which have a lubrication system called the ‘‘Wool- 
Yarn” System, consisting of a number of continuous 
strands of wool yarn placed over the shaft and pro- 
jecting down into the oil in the well. In this system the 
oil is carried from the well to the shaft by capillary 
attraction instead of a revolving ring as is the usual 
practise. The compartment carrying the yarn and oil 
is practically dust proof, every precaution having been 
taken to prevent dust from entering around the shaft. 


Even though this system is not applicable to motors 
larger than a few horse power, it has marked advantages 
for small motors, in that the yarn acts as a filter for the 
oil and the oil in the well is not agitated which helps to 
confine it to the well. The oil capacity is increased by 
the amount held in the yarn and the motor will operate 
for long periods without re-oiling. 


DEVELOPMENTS IN ELECTRICAL MACHINE DESIGN 


temperature. 


Transactions A. I. E. E. 


SURFACE IRON LOSSES WITH REFERENCE TO LAMINATED 
MATERIALS? 


Additional experimental work on surface iron losses 
with reference to laminated materials was carried on 
during the past year. The experiments were made on 
special test machines, the roters of which contained no 
windings other than exploring coils. The machines 
were rotated by direct-connected d-c. motors, which 
were calibrated in order that the losses in the test ma- 
chines could be obtained from their inputs. The sur- 
face losses were obtained by separating the fundamental 
frequency losses from the total losses. 

It was shown that the hysteresis and eddy-current 
components of the surface loss can be approximately 
separated graphically. Skin effect decreases the losses 
as the decrease in eddy current loss is considerably 
greater than the increase in hysteresis loss. In the case 
of salient poles the enamel on individual laminations 
decreases the surface losses only slightly, which would 
not justify the extra manufacturing expense in most 
cases, even though it may materially affect the relative 
hysteresis and eddy losses. It was stated that the 
hardening of lamination edges, due to punching, affects 
the hysteresis surface loss appreciably if the punchings 
are not annealed. 


REPEATED THERMAL EXPANSIONS AND CONTRACTIONS 
THEIR EFFECT ON LONG ARMATURE COIL INSULATIONS® 


During the past decade the length of armatures has 
been increased about five feet due to the increase in the 
capacity of machines. Since the coefficient of thermal 
expansion of the copper conductor in armature coils is 
about fifty per cent larger than that of the mica and 
paper insulation, there is a considerable difference in 
linear expansion of the two in armature coils. Recently 
much experimenting was done to determine the effect 
of this unequal expansion on long armature coils. 

Experimental coils were placed in slots formed -by 
stacking iron laminations in the same manner as they 
are placed in the slots of an alternator armature. 
Imitation vent ducts were situated at intervals in the 
iron so that the entire construction was comparable to a 
four-slot section of alargemachine. Thecoilsconsisted 
of square brass tubes and were 118 in. in length. The 
insulation was standard for 13,200 volts. Thermo- 
couples were placed at proper points for indicating 
The brass tubes were heated by passing 
current through them from a suitable transformer, and 
were cooled by passing them through air for certain 
experiments and water for other experiments where a 
greater change in temperature was desired. 

Automatic equipment was used for heating and cool- 
ing the coils which consisted of time delay relays for 
putting on the current, starting the blower, ete. 7800 
cycles of temperature changes of approximately 75 deg. 
cent. were given the coils, followed by 2512 cycles of 
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100 deg. cent. difference in temperature, 825 cycles of 
130 deg. difference in temperature, and 400 cycles of 
160 deg. temperature difference. The hottest tempera- 
ture reached by the coils ranged betwen 150 and 180 for 
all tests. 

After the coils were put through the above cycles, 
which were comparable to many years of service in a 
commercial machine, they were removed from the slots 
and inspected. The paper was somewhat darkened in 
color and was robbed of most of its mechanical strength. 
However, it was strong enough to retain its form about 
the conductor and to withstand the removal of the coils 
from the slot. The discoloration was greater at the 
imitation vent ducts than where the insulation was in 
contact with the stamping due to the fact that air could 
reach the paper more easily at those points. During the 
tests the coils were given a high potential test of 23,000 
and 37,000 volts at intervals, and withstood these 
voltages without breakdown. 


TOOTH PULSATION IN ROTATING MACHINES” 

Results of experiments have been published on the 
tooth pulsation in rotating machines, where both 
members are slotted. A method for checking the mag- 
nitude of flux pulsation was presented consisting of 
using metallic electrodes similar in shape to the ma- 
chine teeth in connection with an electrolyte of mercury 
to represent air. Current is caused to flow through the 
teeth by applying voltage between the two members, 
with a magnitude proportional to the magnitude of 
flux that would flow under analogous magnetic condi- 
tions. The results obtained in this way are, in general, 
slightly lower than those shown by two methods of 
calculation; but the agreement is fairly good. 

If the ratio of the mercury to electro resistance is 
small, corresponding to the effect of saturation in the 
iron, the effect of saturation may be experimentally 
determined. It was shown that for actual machines the 
effect of saturation on pulsation amplitude cannot be 
ealculated by adding directly the air-gap and tooth 
reluctances, on account of the permeability of the iron 
- not being constant. 

GASEOUS IONIZATION IN BUILT-UP INSULATION"! 

Experiments on the gaseous ionization in built-up 
insulation were conducted showing that the losses due to 
internal ionization caused a progressive deterioration of 
insulation, even though the absolute values of these 
losses in well constructed armature bars are small com- 
pared with dielectric losses of other types. The use of 
mica was shown to reduce the conductivity of the in- 
sulation and minimize the action of internal ionization. 
Even though the micafolium content can be somewhat 
reduced without seriously affecting the insulating prop- 
erties over long periods, the use of high mica content 
appeared desirable due to variations in manufacturing 
process. 


10. Journax of the A. I. E. E., July 1924. 
11. Journat of the A. I. E. E., January 1924. © 


DEVELOPMENTS IN ELECTRICAL MACHINE DESIGN 


677 


EFFECTS OF TIME AND FREQUENCY ON INSULATION 
TESTS OF TRANSFORMERS!” 


The use of the induced potential method for testing 
the insulation of transformers has increased during the 
past few years. In order to keep the exciting current 
within a reasonable range during these tests, it is neces- 
sary to use frequencies higher than normal. Since the 
frequency used affects the dielectric strength of most 
insulating materials, the fair length of time during 
which high voltage is applied in the case of higher fre- 
quencies than normal is somewhat less than that for 
normal frequencies. 

During the past year the results of experiments made 
to determine the fair length of time for higher frequen- 
cies were published. It was shown that the rupture 
voltage of oil is the same for both sixty and 420 cycles. 
Due to the fact that the behavior of oil alone is very 
erratic no well defined relation can be made between 
time and dielectric strength. However, for the first few 
seconds, time decreases the strength quite rapidly, 
after which the effect decreases and is probably entirely 
absent after two or three minutes. The momentary 
strength ranges from 25 to 30 per cent higher than the 
one-minute strength. 

The strength of solid insulation decreases with an 
increase in frequency. The effect of time on the 
strength of oil and solid insulation in series is approxi- 
mately the same as for solid insulation alone until the 
oil distance exceeds the solid insulation thickness, after 
which it begins to be the same as for oil without barriers. 

When solid insulation is under considerable stress the 
breakdown by creepage is not affected by time nearly so 
much as is the puncture voltage of solid insulation. 
Frequency does not materially affect the creepage 
failure of solid insulation which is under no stress. 
However, if the insulation is under considerable stress 
the voltage for failure decreases with increased fre- 
quency in about the same order as the puncture voltage 
of solid insulation. The effect of frequency on the 
puncture voltage of solid insulation and oil in series is 
approximately the same as for solid insulation, where the 
thickness of the solid insulation is greater than that of 
the oil. When the oil distance exceeds the thickness of 
the solid insulation the effect approaches that for oil 
without barriers. 


OBTAINING STEADY HIGH-VOLTAGE DIRECT CURRENT 
FROM THERMIONIC RECTIFIER WITHOUT A FILTER™ 

The ordinary polyphase high-voltage rectifier gives a 
practical constant direct-current potential, which 
has a ripple superimposed on each side of the mean of 
approximately five to seven per cent of the total d-c. 
voltage. This ripple may be ironed out to a consider- 
able degree by the use of a filter consisting of condensers 
and reactors which are somewhat expensive, especially 
for high voltages. 
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During the past year work was done on the develop- 
ment of a special type of a-c. generator having the proper 
low voltage wave form for giving a more nearly smooth 
rectified direct potential and provisions were made for 
manually or automatically varying the wave form to 
maintain a steady potential for varying load demands. 


THE APPLICATION OF THE SATURATED CORE REACTOR 
AND REGULATOR! 


The use of direct-current saturation in the iron cores 
of static a-c. apparatus in radio work has been in vogue 
for sometime, and of late is being used commercially in 
voltage regulators and current-limiting reactors. How- 
ever, due to cost and inefficiency, the saturated-core 
voltage regulator and current-limiting reactor are at 
present confined to specific uses in which speed of opera- 
tion is desired in the case of the voltage regulator and in- 
creasing reactance with alternating current is desired in 
the case of the current-limiting reactor. 

During the past year, saturated iron-core current- 
limiting reactors were installed in a large central station 
between the essential auxiliary bus fed by a house 
generator and a miscellaneous auxiliary bus fed by a 
house transformer. These reactors are designed to 
carry 660 kv-a. under normal operating conditions, at 
a reactance drop of fifteen per cent. The short-circuit 
reactance is approximately 38.5 per cent, which will not 
allow more than 1710 kv-a. to pass through the reactors 
at normal voltage. Should the house generator be 
carrying full load and supplying 660 kv-a. to the mis- 
cellaneous auxiliary bus through the reactors, a disturb- 
ance on that bus could not overload the house generator 
more than 42 per cent due to the action of the reactor. 


THE TRANSVERTER 


A machine has been developed in England for con- 
verting polyphase alternating current into direct cur- 
rent and vice versa. Polyphase a-c. voltages of values 
low enough to be generated in large commercial alterna- 
tors can be transverted into continuous potentials on 
the order of 100,000 volts. 

The a-c. supply lines are connected to a series of 
transformer banks which transform the original voltage 
to the desired value and, in addition, convert the funda- 
mental number of phases into a large number of phases, 
36 for example. The 36 phases are then connected in 


the proper order to a commutator which remains fixed: 


in space, the brushes being the rotating member. The 
brushes are mounted on a shaft and rotated inside the 
commutator instead of being placed on the outside as is 
the usual practise. If only two brushes were used and 
there were only as many commutator segments as 
phases, the brushes would have to be revolved at the 
synchronous speed of a corresponding two-pole motor. 
However by using more brushes and segments, properly 
arranged, the speed can be made to correspond to that 
of a four- or six-pole motor. 

The transverter recently built and displayed in Eng- 
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land used ten commutators in series to give 20 d-c. 
amperes at 100,000 volts, and was designed to be sup- 
plied with 50-cycle, three-phase current at 6600 volts. 
The speed of the brushes is 1000 rev. per min. 

This device can be used for a number of purposes, 
such as obtaining high-voltage direct current from low- 
voltage alternating currrent, low-voltage direct current 
from high-voltage alternating current, low-voltage 
direct current from high-voltage direct current (by 
adding another set of windings and commutators), anda 
given alternating frequency from another frequency. 
All these processes are reversible. 

The Subcommittee wishes to express to Mr. J. A. 
Brooks its appreciation of the valuable assistance which 
he has rendered to it in the preparation of this Report. 


COMMITTEE ORGANIZATION 

The organization of the Committee on Electrical 
Machinery comprises a number of Subcommittees 
including the following; 

1.. The review and preparation of technical papers in 
the field of electrical machinery, H.M. Hobart, Chairman. 

2. The preparation of a résumé of the year’s 
progress in the electrical machinery art for the pre- 
sentation at the Annual Convention, J. C. Parker, 
Chairman. 

3. Preparation of short memoranda of timely 
interest relating to electrical machinery, for publica- 
tion from month to month in the JOURNAL, E. H. 
Hubert, Chairman. 

4. Subcommittee on Electrical Machinery Re- 
search, V. Karapetoff, Chairman. 

5. Subcommittee on Electrical 
Standards, C. A. Adams, Chairman. 

Provisions are made for further subcommittees which 
can be described as Regional Subcommittees. Each 
member of the Committee on Electrical Machinery is 
invited to examine the practicability of establishing 
in his vicinity a Regional Subcommittee to deal with 
subjects in which he is especially interested. The 
member includes in the Subcommittee a group of 
fellow-specialists and he is free to go outside of the 
Committee on Electrical Machinery for this purpose. 

As an example of one of these Regional Subcom- 
mittee’s may be mentioned that organized by Prof. 
B. F. Bailey. It deals with induction motors and 
generators and research subjects relating thereto. 
As Professor Bailey is located at the University of 
Michigan he has associated with himself in this Sub- 
committee Professor James F. Fairman, Mr. Norman S&S. 
Yost and Mr. L. N. Holland, all of whom are located 
at or near Ann Arbor. 

The studies and discussion leading to the above 
organization of the Committee on Electrical Machinery 
took considerable time and the Subcommittees have 
not made as much progress this year as had been hoped. 
However, the Electrical Machinery Research Sub- 
committee has held meetings in which several matters 
have been profitably discussed. 


Machinery 
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Precision Watthour Meters and High-Frequency 
Measurements 


By Committee on Instruments and Measurements! 


N selecting subjects which would become the major 

study of the committee during the year, an effort was 

made to choose those which seemed to be lagging in 
progress because of unorganized attention, or to be only 
imperfectly coordinated and recorded because of their 
relatively recent development. Two subjects were 
chosen, one on each of these bases, and subcommittees 
(with chairmen, H. B. Brooks and C. M. Jansky 
respectively), were appointed to make the survey. 

One of these subcommittees has been assigned the 
task of promoting the development of a device or de- 
vices for the measurement of energy directly in terms of 
watthours under the condition of excessively fluctuating 
power, for averaging this variable power with laboratory 
precision, and to produce results equivalent in accuracy 
to those obtained with laboratory equipment now used 
for the measurement of volts, amperes and watts. The 
committee is not concerned with the watthour meter as 
used by the million in the vending of electric energy; 
that is the concern of other agencies, and it may well be 
agreed that the watthour meter, in practically all 
respects, surpasses the measuring devices through which 
the public purchases other services and commodities. 
But this device, or modifications of it, thus far produced 
and used as a precision standard of comparison in lab- 
oratory and field testing, and as a means of averaging 
variable power over an extended time (as in water- 
rate determinations of large turbo-alternators, for 
example) leaves something to be desired. 


The subcommittee charged with this problem real- 
ized that one of the outstanding sources of variation in 
accuracy of watthour meters was the variation in tem- 
perature of their component parts, arising from two 
principal causes; (1) changes in temperature of the 
ambient medium; (2) heating from the flow of current 
through the coils, and from iron losses. There was 

- presented at the Midwinter Convention an important 
paper by Messrs. Kinnard and Faus, in which tempera- 
ture errors in induction watthour meters were analyzed 
theoretically and experimentally and a device described 
for the compensation of the major of the two principal 
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classes of temperature errors. The subcommittee 
considered it of little or no value to assemble and co- 
ordinate data on the temperature performance of the 
meters in current use, which are not equipped with any 
such device, but that its concern should be with meters 
which include this or some equivalent compensation. 
When such meters are regularly available, the subcom- 
mittee will consider the feasibility of having exhaustive 
tests made by suitable authorities. 

Meanwhile, there remains a number of other disturb- 
ing effects to be considered, such as the influence of 
frequency, voltage, and wave-form variations, and of 
low power factor. These matters, and the methods by 
which improvement may be realized, will be included 
in the work of the subcommittee. The program thus 
briefly outlined will obviously involve a considerable 
amount of effort over a long time, and the subcom- 
mittee looks with confidence to the experts .of the 
manufacturers, and others who specialize in this field, 
for full cooperation in the task. 

The watthour meter, in different forms, has not been 
found entirely suitable for measuring the power output 
of large turbo-generators during water-rate tests and 
there is a tendency to prefer the wattmeter for this 
purpose, even in spite of the necessity of taking a very 
large number of readings during the progress of the test. 
The scope of the subcommittee’s work includes a 
study of this method also, and by request, a valuable 
paper on the ‘‘Measurement of Electrical Output of 
Large Turbo-generators During Water-rate Tests” has 
been prepared by E. 8S. Lee; this paper was assigned to 
the program of the First District Regional Meeting at 
Swampscott in May. It was hoped that this paper 
would serve to bring out discussion which would be of 
value to the subcommittee in its further study of the 
problem. 

The phenomenal development of radio communica- 
tion naturally focussed the attention of the committee 
on the subject of electrical measuring instruments for 
use with frequencies in the audio and radio ranges. 
It seemed to be an opportune time to make a survey of 
the available instruments for these fields, their opera- 
ting principles, limitations, and scope of applicability, 
and a second subcommittee was appointed to conduct 
the survey. 

The most extensive use of high-frequency measure- 
ments is undoubtedly in the field of radio communica- 
tion. However, frequencies ranging from 20,000 to 
50,000 are much used in wire telephone and telegraph 
communication and in the so-called “wired wireless” 
or ‘carrier current’? communication over power trans- 


679 


680 


mission lines. Another possible application of high- 
frequency measurements is the determination of the 
periodicity of transients and the measurements of 
higher harmonics on power lines and in electrical 
machinery. 

Low values of inductance and capacitance are of great 
importance where high frequencies are involved. The 
power engineer has heretofore considered them neg- 
ligible. With a better knowledge of high-frequency 
measurements, quantities that have been neglected may 
assume greater importance even in power engineering. 
These low values of inductance and capacitance are 
usually measured by some resonance method; that is, 
by “tuning” the circuit with the unknown inductance 
or capacitance to the frequency of another circuit with 
known inductance and capacitance and then calcu- 
lating the unknown quantity in terms of the known 
values. 

There are two common methods of measuring re- 
sistance at high or radio frequencies; the reactance 
variation method, and the resistance variation method. 
The application of the reactance variation method 
requires a knowledge of the frequency used. It is, 
therefore, more useful in measuring logarithmic decre- 
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ment and sharpness of resonance. Bridge methods are 
but little used for the measurement of resistance at 
radio frequencies but a somewhat similar method, which 
utilizes a differential transformer, is coming into use. 
There is also the method employing a voltmeter de- 
signed for accuracy at radio frequencies. 

Great need has been evidenced for the development of 
more accurate measurement of resistance, inductance, 
and capacitance at high frequencies, but there is greater 
need for the more general utilization of instruments of 
adequate accuracy for measuring the frequencies of the 
electromagnetic waves emitted by radio-frequency 
generators used in broadcasting and other stations. 
These frequencies are usually measured by means of an 
instrument known as a frequency or wave meter. The 
extensive use of certain radio-frequency bands requires 
that radio stations be assigned frequencies which are, 
in some cases, only 10,000 cycles apart. If there is to 
be no interference between stations, each must main- 
tain its assigned frequency within a small fraction of one 
per cent; there is a call for the development and use of 
frequency meters having the degree of accuracy required 
for this purpose. 

This subcommittee is also continuing its studies. 


The Activities in Research 


By Committee on Research! 


Part I. GENERAL 


CTIVITY in the field of electrical research, as 
noted in last year’s report, has continued unabated 
during the past year. The range of problems has 

been much the same, and while no striking research of 
outstanding importance may be mentioned, note- 
worthy progress has been made in many directions. 

In the field of high-voltage transmission and power 
distribution there is an increasing tendency to investi- 
gate the performance of such systems through experimen- 
tation with models, miniature systems and equivalent 
net works. With these should also be included several 
important analytical studies of the transients occurring 
in such systems. Several accounts have appeared of 
experiences with 220-kv. systems based on special 
methods of observation and measurement, and these 
have brought forward facts and conditions sufficiently 
new to warrant their mention in thisreport. Important 
new data are available as to lightning disturbances and 
methods of protection; a new type of suspension insula- 
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tor of great promise has appeared and further studies 
have been made of the properties of protective reactors. 
New data as to the law of loss due to corona have been 
brought forward and definite statements made as to the 
value of corona as a stabilizing, if not a protective 
measure for high-voltage systems. 

In the wide field of magnetism much new material has 
been produced. Investigations have extended from 
studies of the core loss in induction machinery, the losses 
in laminated surfaces next to air-gaps, the influence of 
slot openings on wave form, and other similar questions 
in machinery, to the further study of the properties of 
magnetic materials in relation to their constituent 
substances. Noteworthy in this class is the substance 
permalloy and its adaptation to the submarine cable; a 
thing of great promise, but so far, upon this relatively 
little definite information is available. An important 
accomplishment in this field is the completion of a 
complete bibliography of the literature by the Core 
Loss Committee of the National Research Council. 
The bibliography embraces all branches of the field of 
core losses and is admirably classified and indexed. 
It is hoped that some one of our large research organiza- 
tions will find it possible to publish this bibliography so 
that it may become generally available. 

Among other studies in the general field of electrical 
engineering there may be mentioned as either completed 
or under way the following variety of problems: The 
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influence of impurities in storage-battery electrolytes; 
many studies of rectifying devices, including further 
methods of obtaining high, continuous voltage; the 
construction of an absolute electrometer for very high 
voltages; a redetermination of the unit of resistance, 
(these two latter at the National Bureau of Standards); 
the determination of the temperature errors in induction 
wattmeters, and other important developments in 
methods and instruments of measurement. 

In the field of electrical communication special mention 
should be made of the increasing expansion of research 
work carried on by the Bell Telephone Laboratories. 
The range of problem handled in.these laboratories 
is extremely wide and very noteworthy contributions 
are appearing at regular intervals. These are not 
confined to the immediate problems of conversion 
between speech and electric circuits and vice versa, but 
reach out into the field of pure physics on the one hand, 
and to studies of the performance characteristics of all 
types of electric circuit on the other. Of special note 
is our increasing knowledge, obtained through these 
laboratories, of the performance of all types of circuits 
under a very wide range of frequency, and the develop- 
ment of filters, relays, and other forms of auxiliary 
equipment for circuit control for special purposes. 

Extension of range and improvement of methods, in 
radio, telegraphy and telephony is of almost daily 
occurrence. It is a highly specialized field, but one in 
which, many members of the Institute are nevertheless 
participating. Among the great number of improve- 
ments in transmitting and receiving equipment, there 
stand out as of recent, more conspicuous achievements, 
the control of static in transatlantic service; the in- 
creasing use of the shorter wave lengths; the control of 
“fading’’; and the further perfection of generating 
equipment. 

In the field of pure physics, principal attention ap- 
pears still to be devoted to questions of molecular and 
atomic structure and the nature of the uitimate con- 

stitution of matter. Progress has been very rapid and 
_ the results obtained are of greatest importance as well 
‘as of absorbing interest. Up to this time, however, 
these studies do not appear to touch, in any close man- 
ner, the laws underlying the various arts in electrical 
engineering. It is an interesting fact that while much 
certain knowledge has been gained, as to the structure of 
the atom and the electrons therein, nevertheless it has 
not been found possible to adapt this knowledge in any 
certain way to explanations of the great fundamental 
phenomena of electric conduction, magnetism, and 
dielectric induction. For this reason, as well as because 
of the vast variety and quantity of material, only 
this passing mention is made of this great field of the 
highest type of scientific research. 


Part II. ELECTRICAL INSULATION 


This report has reserved for separate comment the 
subject of research in the field of electrical insulation. 
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The year has seen a notable continuance of the general 
interest in this important problem. Numerous papers 
have been published giving new technical data, thus 
slowly increasing our knowledge. Among the subjects 
treated may be mentioned distribution of flux density 
in cables, the relation between breakdown voltage and 
times of application and rest, experimental data on the 
breakdown of cable insulation under standard tests with 
special reference to the duration of application of the 
test voltage, the influence of temperature on impreg- 
nated paper insulation, and ionization in impregnated 
paper insulation. “Discussion of these papers has in- 
dicated the desirability of certain changes in present 
tests standard for high-voltage cables. 

Particular mention should be made of the work being 
done by the committee of the National Electric Light 
Association on Cable Insulation Research. This com- 
mittee has formulated a well considered plan and has 
raised sufficient money to pay for “whole-time’’ re- 
search assistants, the work to be carried on in the 
electrical engineering laboratories of Harvard Uni- 
versity, Johns Hopkins University and Massachusetts 
Institute of Technology. Problems of attack are those 
bearing on the life of high-voltage cable insulation and 
the causes of its failure,—the work is certain to produce 
results of value. 

As indicated in last year’s report, the Committee has 
had before it as its principal object the complete review 
and digest of the literature of electrical insulation. This 
work, formulated first by the Engineering Division of 
the National Research Council, in its Committee on 
Electrical Insulation, is being carried on largely by 
members of the Committee on Research of the American 
Institute of Electrical Engineers. The particular value 
of this work will be found in the summaries and con- 
clusions to be prepared by the chairman of the several 
committees. ‘The Committee hopes to include in these 
summaries statements as to the present problems under 
the respective headings, with suggestions for the most 
profitable lines of experimental attack. Steady progress 
has been made, although it can scarcely be said to be 
rapid; the character of the undertaking is such as to 
require considerable time and sustained effort. Sur- 
veys in the field of insulation can be made only by 
experienced and competent men, and under our present 
plan, we are relying entirely on the voluntary efforts of a 
comparatively small number. All of these are busy 
men with whom the work of the Committee must, of 
necessity, take a subordinate place. 

The present state of the work is approximately as 
follows: The Subcommittee on Dielectric Absorption, 
J. B. Whitehead, Chairman, has practically completed 
its review of literature; Subcommittee on Phase Dif- 
ference, Deiafield DuBois, Chairman, has completed 
about eighty-five per cent of the literature; on Electric 
Strength, W. A. Del Mar, Chairman, has completed 
all the literature on solids, and its report is well ad- 
vanced towards completion. The review of literature 
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on liquids is well advanced. The Subcommittee on 
Flashover Voltage, F. W. Peek, Jr., Chairman, has 
covered the field of the literature in English, and is 
making progress in foreign literature. The Sub- 
committee on Theories, J. B. Whitehead, Chairman, 
has practically completed the review of the literature. 
The Subcommittees on Dielectric Constant and on 
Resistivity have not been able to make any considerable 
progress. 

The reviews of the literature referred to above con- 
sist of a separate report in standardized form for each 
paper reviewed. The results of this-work therefore will 
constitute not only a valuable bibliography of the 
separate divisions of insulation, but also a most valuable 
concentration in one place of the important results of 
each worker, and, therefore, a combined picture of the 
entire problem which should prove of very great value. 
As the publication of this large mass of data will be a 
matter of some expense, the Committee hopes to make 
the more important results of its work available to all 
through the preparation of reviews and summaries by 
the respective chairmen. 


Part III. 


A general review of the work in electrical engineering 
research during the past year reveals two striking facts: 
First, the great amount of experimental research under 
way and the wide range of problem; and second, the 
lack of coordination among various workers in the same 
or allied fields. Obviously, a function of the Committee 
on Research should be the bringing about of such co- 
ordination if in any way possible. The difficulty here 
is in obtaining information as to the work undertaken in 
widely separated localities. Often the Committee’s 
first knowledge of a piece of work is the appearance of 
the paper presenting the results. This state of affairs 
must continue so long as the original conception of the 
problem arises in the interest of some individual, in a 
university laboratory, or in the special needs of some 
manufacturing process. 

The foregoing condition has been recognized for some 
time and the desirability for organization and coor- 
dination of electrical research has been frequently 
emphasized; in fact, the National Research Council in 
its Engineering Division, the Engineering Foundation, 
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the National Bureau of Standards, and, to a less extent, 
the national engineering societies, all conceive it their 
definite function not only to stimulate but to coordinate 
research. The Committee on Research of the Institute 
acts as an advisory committee on questions of electrical 
engineering to the Engineering Division of the National 
Research Council, the body which initiated the work on 
electrical insulation. In addition to the Committee on 
Electrical Insulation, it has formed a number of other 
important committees, not only in the electrical, but 
also in other fields of engineering. If the purposes of 
these committees are carried out, they will result in 
authoritative statements of the problems in the various 
fields, will serve as important guides for future work, 
will avoid duplication of effort and, naturally, will 
result in a much more rapid extension of our knowledge 
in the respective fields. 

The picture so presented is an inspiring one, but it has 
one serious and fundamental defect. On closer ex- 
amination it will be found that the function of the 
comprehensive review of the field of any problem is 
relegated to volunteer workers. The men who are 
capable of making these studies and reviews, and of 
laying out subsequent programs, occupy important 
positions the duties of which must necessarily require 
most of their time; committee work of necessity takes a 
subordinate place. Money has been appropriated for 
particular research problems, but none for greater 
expert reviews of the entire field. This is unfortunate, 
the more so since it should not require any considerable 
annual experiditure to avoid it. The Committee on 
Research has spent nearly two years in accumulat- 
ing data on insulation outlined above. This could 
have perhaps been done -in one-fourth of the time 
by a single well trained man devoting his entire time 
to it. 

The concrete suggestion, therefore, is that large 
organizations, the chief function of which is to promote 
experimental research, could, with profit, maintain as a 
part of their organizations a few competent men 
trained in science, engineering and in the methods of 
research, with their principal duty the presentation of 
the work of the past, problems of the present, and plans 
for concerted experimental attack for the future. The 
volunteer research workers would do the rest. 


Developments in Applying Electricity 
to Industrial Uses 


By Committee on General Power Application! 


HE annual report of the Committee on General 

Power Applications has been divided into three 

parts, namely—an account of the Committee’s 
activities in the past year and two appendices which 
are believed to contain data of interest and value to 
the membership. 

Soon after its appointment, this Committee offered 
its services to all Institute Sections, in the preparation 
of papers or in locating speakers on any subject within 
its scope.. In answer to an inquiry from the British 
Consulate General, the Committee conducted inquiry 
into the use of magnetic hoists in shipyards and at 
docks, with especial reference to their effect on the 
ship’s compass, due to its possible derangement or the 
magnetization of the ship’s frames. 

A session of the St. Louis Convention was assigned to 
this Committee and five papers were presented as follows: 

Load-Building Possibilities of Industrial Heating, 
C. L. Ipsen; 

A High-Frequency, Induction Furnace Plant for the 
Manufacture of Special Alloys, P. H. Brace; 

Electrically-Heated Lead, Solder and Babbitt Pots, 
J.C. Woodson; 

Synchronous-M otor Drive for Rubber Mills, C.W. Drake; 

Use of Purchased Power in Glass Manufacture, 
A. L. Harrington. 

The Committee has given special thought to the 
manner in which the wide variety of subjects under its 
jurisdiction may be most suitably presented to the 
membership. The preparation and presentation of 
papers alone is not sufficient. The space available in 
the JOURNAL and the Convention sessions which may 
be devoted to General Power Applications, without 
unduly curtailing other subjects of equal or greater 
. Importance, leave the Committee embarrassed by a too 
plentiful supply of new and valuable material. 

As a consequence, the Committee submits as Ap- 
pendix A of this report, a brief summary of progress 
covering important developments in General. Power 
Applications which have come to its attention during 
the past year. In Appendix B is submitted a bibliog- 
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raphy of articles which have appeared in the technical 
press, on subjects related to the Committee’s activities. 
It is believed that this bibliography will be found valu- 
able by those who wish to investigate the subjects which 
have been inc’uded. 

The Chairman wishes at this time to record his 
sincere appreciation of the efforts of D. H. Braymer, 
member of the Committee, and also the courteous and 


efficient help rendered by other members of the 


McGraw-Hill organization. Without their assistance, 
the appendices would have lost much of their value. 

The Committee submits the following recommenda- 
tions to its successor: 

a. The annual preparation of a similar summary of 
progress and a similar bibliography, if the reception of 
these by the membership indicates that they are useful 
and desirable. 

b. Suggestion of the subject of “Group Control of 
Motors, Sectionalized Drive’ as one which should be 
developed in a group of papers. 

c. The recommendation of subjects on ‘Power 
Factor and Load Factor, Their Control in Industrial 
Applications” for special development. 

The Chairman gratefully acknowledges the interest 
shown by the members of the Committee and the 
Institute Staff in their cooperation in carrying on the 
work of the past year. 


Appendix A 

A condensed summary of general progress in power 
applications as recorded in engineering publications 
during the past year. 

TRENDS IN INDUSTRIAL MOTOR APPLICATIONS 

Through the cooperation of engineering departments 
of manufacturers, consulting engineers and electrical 
engineers in industrial plants, progress is being steadily 
made along the line of more efficient power drives and 
control equipment and drive arrangements better suited 
to the changing operating conditions or tending toward 
lower maintenance with improved operation from the 
standpoint of production in manufacturing operations. 

Outstanding points in this connection are, improved 
motor construction; modifications in motor applica- 
tions to speed up production; new types of control; 
improved resistors; new forms of limit stops and 
safety features in control applications; installation of 
automatic equipment in steel mill substations; ex- 
tended use of electric heating, and the like. 

Steel Mills. The most noteworthy feature of the 
electrification of steel mills has been the large number of 
installations of new equipment that were started during 
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a year of comparatively dull times for the steel industry. 
This fact is a most striking indication of the economy 
and reliability of electric operation. 

The Westinghouse Electric & Manufacturing Com- 
pany reports that five reversing equipments have been 
sold, including two large reversing blooming mills, two 
roughing structural mills and one finishing structural 
mill. This company further states that one of the 
greatest advances in the art was made this year when 
the company placed in operation .a 500-h. p., single- 
unit, reversing motor, receiving its power from two 
2100-kw. generators operating in parallel. It has 
heretofore been considered necessary to drive one 
motor from a single generator, and if two motors were 
used two generators were required. By this new ar- 
rangement it is said to be possible to design both motors 
and generators to best meet their operating conditions, 
rather than to have the design determined by the num- 
ber of units of which the equipment is composed. 

A 40-in. and a 44-in. blooming mill are each being 
equipped, by this company with 7000-h. p., single-unit 
motors. These are said to be the largest single-unit, 
d-c. motors ever built. A 500-h. p., d-c. motor is being 
installed by this company to operate at 155 to 500 
rev. per min., at any voltage from 220 to 250. This 
application is for a tire mill and constitutes a speed 
range of 3.7 to 1, which is exceptionally high for motors 
of this capacity. 

The Allis-Chalmers Manufacturing Company of 
Milwaukee, Wis., reports that it has installed and put in 
successful operation three mill-type synchronous motors 
on main roll drives of steel mills. The motors are 
coupled to the mills without the use of a clutch. 

By the addition of 45,350 h. p. (normal continuous 
rating) of main roll motors during the year, the total of 
General Electric main roll drives has been brought to 
over 700,000 h. p. This company reports that an in- 
stallation of particular interest is a 14-in. continuous 
merchant mill at the plant of the Jones & Laughlin 
Steel Corporation. The nine stands of this mill are 
driven by seven, adjustable-speed, d-c. motors. This 
mill will roll a very large tonnage of diversified products 
and the employment of individual drives with a very 
wide speed range is said to enable it to do the work of 
two or three less flexible mills. 

The 26-in. rail mill at the Sparrows Point Plant of the 
Bethlehem Steel Company was changed over from 
steam to electric drive by the installation of two 3000- 
h. p., 500-rev. per min., 660-volt, constant-speed, in- 
duction motors made by the General Electric Company. 

The Reliance Electric & Engineering Company re- 
ports that one of its most important application 
developments is an individual wire block driven by an 
adjustable-speed, d-c. motor with special automatic 
control equipment. 

Textile Mills. An application of the brush-shifting 
motor to the operation of textile finishing machinery, 
where the operation of several motors in tandem may 
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be required, is reported by the General Electric Coni- 
pany. In each case the speed of the main motor is 
controlled by push buttons through the operation of a 
pilot motor, which actuates the brush-shifting mechan- 
ism, while the speed of the other motor is controlled 
either mechanically or electrically by the motion of a 
compensating gate or floating roll between sections of 
the machinery. 

Rubber Mills. The Westinghouse Electric & Manu- 
facturing Company reports that for the past two years, 
its mill drive using synchronous motors without clutches 
or brakes has proved highly satisfactory. This is said 
to be due to the use of dynamic braking as a means of 
making safety stops, which has proved thoroughly 
reliable and effective. During the past year further 
improvements and developments in the control have 
been undertaken with a view to obtaining even greater 
reliability and quicker stopping. This company states 
that the development of a three-pole, double-throw, 
gravity-operated contactor makes it possible to use 
dynamic braking with either manual or automatic 
starters, the braking feature being entirely independent 
of any external control circuit or relay operation. 

The elimination of the use of low-voltage and other 
relays in the braking circuit, together with the use of 
gravity operation, is said to give a reliability exactly 
comparable with d-c. drive for calenders, which has been 
in use for so many years. : 

Lumber and Woodworking Mills. A variable-voltage 
log carriage, consisting of a d-c. motor and motor- 
generator set, has recently been installed on the Pacific 
Coast by the Westinghouse Electric & Manufacturing 
Co. The motor is rated at 35h. p., and has a speed 
range of from 10 to 80 rev. per min. Power is supplied 
by a 30-kw., 320-volt motor-generator set. 

The General Electric Company reports that small, 
drawn-shell type motors of unusual speed were pro- 
vided for the operation of woodworking machinery. 
A typical application of this character consists of five 
small] motors with operating speeds of 25,200 rev. per 
min., which are utilized by a single woodworking ma- 
chine, the current for the small high-speed motors being 
supplied by means of a frequency changer. Themotors 
operate on three-phase, 240-volt, 420-cycle circuits. 

Paper Mills. A new rotary contactor regulator for 
sectional paper-machine drive is reported by the West- 
inghouse Electric & Manufacturing Company. This 


_regulator isan improvement over past apparatus, in that 


great simplicity and a more flexible action is obtained. 

By the same company there has been placed in 
operation a paper winder drive with automatic regen- 
erative tension control for sheets, including automatic 
regenerative and dynamic braking for the winder and 
unwinder. This is said to permit much faster operation 
of the winder and much better control of the finished roll, 
as it produces a uniform tightness throughout. Thus is 
avoided the expense and annoyance of frequent re- 
placement of friction brake linings on the unwinding roll. 
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Also by the Westinghouse Electric & Manufacturing 
Company an automatic speed regulation of the vibra- 
tingregulator type for single motor paper machine drive 
has been developed and placed in operation. The use 
of this device is said to make possible a degree of regula- 
tion not previously obtainable through inherent speed 
regulation characteristics of the motor and generator. 
This is a decided advance in the art and contributes in a 
marked degree to precision control, which is becoming 
of greater and greater importance in this industry. 

An installation of a sectional paper-machine drive, 
for a 175-in., 1000-ft. per min., Kraft paper machine, 
has been placed in operation by this company. This 
is the largest Kraft paper machine built to date. 

An installation of five automatic grinder load regula- 
tors for the control of as many 1800-h. p. synchronous 
motors driving pulp grinders has been placed in opera- 
tion by thiscompany. The control of the load on these 
machines is said to relieve the governors of the power 
plant of an enormous amount of work and to greatly 
improve the frequency and voltage regulation of the 
entire system. ; 

Industrial Haulage. Induction motors designed to 
give a high starting torque with a relatively low current 
and a high efficiency when operating under load were 
applied for the first time to large systems of conveyers 
by the General Electric Company. 

The first haulage electrification of an open-pit iron 
mine in America was effected by the adoption of three 
60-ton, double-truck, 500-volt mine locomotives made 
by the General Electric Company at a mine of the 
M. A. Hanna Mining Company at Duluth, Minn. 
These locomotives are provided with auxiliary cable 
reels, and current supply is effected by means of an 
overhead trolley. 

Machine Shops. With the improvement in cutting 
tools and quality of rails, has come a demand for more 
driving power for frog and switch planers. During the 
past year, the Reliance Electric & Engineering Com- 
pany has developed and applied motors in sizes up to 
100 h. p., 250-1000 rev. per min. to such planer drives. 
This company further states that reversing the motor 
drive with automatic control of such work means the 
elimination of belt troubles, ample power, accurate 
speed adjustments for a cutting speed range of 1 to 2, 
and a separate speed adjustment for return strokes from 
50 to 100 ft. per min. Quick return strokes reduce the 
non-productive operating time to one-third that of 
belt drive. 

A complete line of variable-voltage, reversing planer 
equipments has been developed by the Westinghouse 
Electric & Manufacturing Company. Each unit makes 
- use of a separate motor-generator set; consequently, 
it is possible to install a variable-voltage equipment on a 
planer at any point in a plant having alternating-current 
service. Other outstanding features that this drive issaid 
to haveare a greater speed range, smoother acceleration 
and braking, and very simple control, combined with 
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a power saving in service where reversals are frequent. 

Elevators. The General Electric Company reports 
that radical improvements were made in the operating 
characteristics of its high-speed elevator equipment. 
One of the principal difficulties in the past has been 
that the speed, on any one speed position of the control- 
ler, is decidedly variable with the load, being slowest 
when the motor is hoisting the maximum load and fast- 
est when the motor is being overhauled by the load. 
The improved system consists of a motor and motor- 
generator controlled on the Ward Leonard principle but 
with the novel feature of an auxiliary series generator by 
which a considerable degree of compounding can be 
successfully applied to the main generator to an extent 
entirely impracticable to apply in the ordinary manner. 

A new gearless traction elevator motor for passenger 
service has been developed by the Allis-Chalmers 
Manufacturing Company. It is of the shunt-wound 
type designed for operation at slow speeds suitable for 
giving normal car speeds, using standard diameter 
sheaves. The system of control used is the Ward-Leon- 
ard requiring separate motor-generator set and vari- 
able-voltage control. 

Elevator equipment and the necessary control: has 
been developed to such a point of perfection that speeds 
of 1000 ft. per min. are now entirely possible, is re- 
ported by the Westinghouse Electric and Manufactur- 
ing Company. In fact, there seems to be no reason why 
speeds cannot be increased up to the limit prescribed by 
the speed at which humans can be transported, in 
vertical position, without discomfort. 

Oil Wells. The Westinghouse Electric & Manu- 
facturing Company reports that field tests of the Hild 
differential drive for oil wells have been made. Two 
holes, 3700 ft. deep, are said to have been completed 
successfully. 

This drive is designed primarily for rotary drilling. 
Its function is the automatic regulation of the down- 
ward bit feed according to the resistance of the forma- 
tion encountered. Essentially, it consists of a differen- 
tial gear unit, two slip-ring motors and a rotary draw- 
works. One of the motors—the drill motor—drives the 
rotary table which revolves the drill pipe and at the 
same time drives one-half of the differential. The 
other—the regulating motor—drives the other half of 
the differential. The two motors operate the differen- 
tial in opposite directions, the operating motor in a 
direction tending to raise the drill pipe and the drilling 
motor in a direction tending to lower it. By adjusting 
the speed of the drilling motor slightly higher than that 
of the regulating motor, a slow downward feed of the 
drill pipe is produced. If the resistance to the drill is 
increased due to change in formation, the increased 
load slows down the drill motor and a slower feed 
results. Conversely, a lighter load means a more 
rapid feeding of the bit. High resistance encountered in 
drilling through hard rock causes the bit to rise until it 
clears itself. 
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Automatic Controllers. Because of the very nature of 
industry and the years of study of application and per- 
formance of motor devices and control, there is always a 
certain amount of development and refinement in 
controller design and construction that is accomplished 
through the increased knowledge of the requirements of 
industrial power drives. The year 1924 was no ex- 
ception with regard to progress and developments. 

One of the outstanding developments is the inductive, 
time-limit controller devised by The Cutler-Hammer 
Manufacturing Company of Milwaukee, Wis. In the 
design of this time-limit starter the inductive principle 
is utilized to obtain the accelerating time, a transformer 
being used in place of relays, interlocks, dashpots or 
other moving parts to control the time of acceleration. 
The manufacturer states that, through the medium of 
the transformer, a holding-out current of transient 
nature is obtained in successive accelerating switches. 
Transfer of connections takes place automatically with 
the cutting out of successive steps of resistance without 
disconnection of the coil circuits. It is said that in this 
new development, the acceleration period is very uni- 
form under ordinary conditions of load variations, the 
time being somewhat increased on heavy loads; thus the 
machine driven, whether reversing table, screw-down or 
other auxiliary machine, is always brought up to speed 
in the same period to insure the productive synchronism 
and plant efficiency desired. 

Another development in time-limit acceleration is 
reported by the General Electric Company in the case of 
a 300-h. p., a-c. motor on the hoist and a 75-h. p., 
a-c. motor on the trolley of a coal tower at Clairton, Pa. 
Current-limit acceleration was previously used on this 
application and the change to time-limit acceleration 
was secured by using a suitable number of d-c. contact- 
ors and allowing them to close in sequence, each one 
being interlocked through the preceding contactor. 
D-c. contactors were used to secure a slow time of 
closing, so that fewer contact elements were required 
than would have been necessary with alternating-cur- 
rent contactors. No time element relays were used. 

Two forms of resistor-type magnetic starters for a-c. 
motors have been produced by the General Electric 
Company; one for squirrel-cage induction motors, and 
one for slip-ring motors. Mechanically, these starters 
are very much alike, the difference being chiefly in their 
connections. They both employ a new type of time- 
element relay for the accelerating period, which can be 
adjusted to about six seconds. The relay consists of an 
armature that is drawn across the face of an a-c. 
magnet by a spring which is distended when the line 
contactor closes. The magnetism resulting from the 
alternating current intermittently attracts and releases 
the armature as it slides by the pole face, thus giving the 
desired time adjustment. 

A great advance has been made in the control of 
blooming mill auxiliaries, by the installation of two 
entirely separate control circuits, either of which can be 
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used at will, is the report received from the Westing- 
house Electric & Manufacturing Company. Each 
master switch is plugged into a receptacle, and in case 
of trouble can quickly be replaced by a spare. A 
complete spare control panel is included which can be 
quickly transferred to any motor. 

Similar information comes from the Rowan Controller 
Company of Baltimore, Md., in citing the case of a 
switchboard containing the necessary control equip- 
ment for the auxiliaries for a large blooming mill in the 
Cleveland steel district. A unique feature of this in- 
stallation is that all the controllers for the front and rear 
tables and the screw-down are exactly alike. An addi- 
tional spare control panel is provided so that by means 
of throwover switches this spare panel can be rapidly 
connected in place of any of the other similar controllers. 

A new type master has been developed by the 
Cutler-Hammer Manufacturing Company for use 
particularly with Cutler-Hammer magnetic-type con- 
trollers. This master is a compactly enclosed structure 
with a contact cylinder mounted on a square shaft. 
Standard non-stubbing contact fingers such as are used 
in Cutier-Hammer drum controllers, are mounted on the 
stationary support, the leads to which they are connected 
also remaining stationary. Pyroplax are barriers are 
placed between the fingers and the contact segments 
which are automatically lubricated by means of an oil 
wick which holds sufficient oil for about six months use. 

A new automatic reversing planer controller has been 
developed by this company. The scheme of control 
employed plugs the planer motor in stopping and 
reversing the planer, and the company reports that this 
results in the fastest method of operation. Two shunt- 
field rheostats are provided in the control—one is for 
regulating the cutting speed and the other is for adjust- 
ing the return stroke speed. 

For several years past it has been evident that the 
trend of safety regulations is toward the enclosure of 
all types of motor starters and speed controllers. Dur- 
ing the year, the General Electric Company reports that 
work along these lines was practically completed, and 
the remaining open-type starters and speed controllers 
were provided with either self-contained enclosing cases 
with external handle or were redesigned to accommo- 
date enclosing cases when required. 

Monitor Thermaload starters, manufactured by the 
Monitor Controller Company, Baltimore, Md., are now 
being built with standard Monitor side-arm contactors 
instead of the special contactor previously employed. 
Hairpin-shaped thermal elements are also being sup- 
plied, instead of the coiled elements previously used. 

The thermal relay of the Monitor Thermaload starter 
operates on the thermal expansion principle. The 
heat produced by the thermal element under overload 
causes a liquid confined in a tubular receptacle to ex- 
pand and to elongate two expansion units. These 
expansion units in turn operate an arm containing two 
contacts which control the operating circuit of the 
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contactor. The liquid used is carbon tetrachloride, a 
non-corrosive and non-freezing liquid which is used ex- 
tensively forfireextinguishing purposes. This starteris 
intended for starting small induction motors, both single- 
phase and polyphase, and is said to protect the motor 
against light overloads dangerously prolonged, yet per- 
mits the motor to carry heavy overloads momentarily. 

A new steel enclosed, dust-proof drum controller is 
being marketed by the C. H. McCullough Engineering 
Company, of Pittsburgh, Pa. This company reports 
that the diameter of the drum of this controller is ex- 
ceptionally large, giving a greater wearing surface and 
thereby increasing the arcing distance between points. 
This company also points out that due to its dustproof 
qualities the controller is especially adapted to foundaries, 
steel works, cement plants and similar dusty locations. 

The Condit Electrical Manufacturing Company 
has announced that during 1924 it has arranged its 
type N-3 oil motor starters for push-button control, 
thus making them especially adaptable to industrial 
service. The type N-4 starter which was developed in 
1923 is now equipped with thermal cutouts. 

The Allen-Bradley Company of Milwaukee, Wis., 
has within the last year or so added refinements to its 
lines of across-the-line starters, automatic starters and 
semi-automatic starters, according to reports received 
from them. It also informs us that these lines have 
been standardized so that they can be made on a large 
quantity basis at a very reasonable price and yet keep 
the same standard of quality for which these starters 
have been noted. 

Heretofore, fractional horse-power motors have, to a 
very large extent, utilized standard, wiring device 
switches, which were primarily designed for lighting 
circuits. A new design of single-pole and double-pole 
enclosed tumbler switches, assembled in boxes for 
conduit wiring for throwing small motors on the line, 
now gives these motors a class of control equipment 
comparable with that provided for large motors, 
reports the General Electric Company. 

_ This company also informs us that a new thermal 

overload relay was designed to follow the heating and 
cooling curve of the average induction motor, and that 
this is particularly adapted to service where it is impor- 
tant for the motor to carry heavy, short-time overloads 
intermittently, without being tripped out by the over- 
load device. It is said that this device will permit the 
motor to do any kind of work that does not run it above 
a safe operating temperature. 

The company states that it has developed a definite 
time relay which was utilized for the first time in an 
automatic compensator, and is now used to provide the 
accelerating period. It consists essentially of a motor- 
driven train of gears, magnetic clutch and switching 
mechanism to provide for either opening or closing the 
contacts at the end of the time for which the device is 
set, being adjustable from a few seconds up to several 
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minutes, and adaptable to many applications where a 
definite time adjustment is needed. 

The Cutler-Hammer Manufacturing Company states 
that a complete line of control equipment for various 
sizes of Fynn-Weichsel, alternating-current motors 
(made by the Wagner Electric Corporation, St. Louis, 
Mo.) was brought out in 1924. For the smaller sizes, 
the face-plate type with the operating handle arranged 
for manipulating from the exterior of the enclosing 
case is used. A drum type starter is employed with 
the larger motors incorporating in its design non- 
stubbing fingers, a square steel shaft for carrying the 
contact segments, and blowout shields. In all of these 
starters the design takes care of simultaneously cutting 
out resistance in each of the two secondary windings 
found in this type of motor. 

For the automatic control of motor-driven pumps, air 
compressors and the like, the General Electric Company 
has developed a new pressure governor for use in con- 
nection with automatic starters. This governor is of the 
Bourdon tube type, and can be used on any liquid or gas 
system which will not corrode the Bourdon tube. The 
equipment includes an “‘impulse”’ magnetically operated 
relay of a quick throwover type breaking its own opera- 
ting circuit as soon as it functions. 

Three, across-the-line, automatic starters have been 
placed on the market by the Sundh Electric Company 
of Newark, N. J., one having undervoltage release or 
undervoltage protection, the second in addition, having, 
inverse-time-limit overload thermal relay protection and 
the third being provided with inverse-time-limit 
overload relay protection. All these starters are manu- 
factured in either the open or enclosed type, two-pole or 
three-pole, for motors up to and including 10 h. p., 
220-440-550 volts. , 

Heretofore this company’s principal activities have 
been more or less confined to furnishing control for 
large office buildings and pump concerns. This com- 
pany now plans to enter the industrial market more in- 
tensively with the present line of equipment rounded 
out with the additions that have just been described. 

Compensators. Two new automatic compensators 
have appeared on the market during the past year. One 
of these is a high-voltage compensator made by The 
Electric Controller & Manufacturing Company of 
Cleveland, Ohio. It is built for voltages of 2500 and 
below, is push-button operated and entirely automatic. 
With the exception of the overload panel, which is 
mounted on the top of the tank, the compensator is 
entirely submerged in oil and the tank is so designed 
that the compensator is said to be dustproof, weather- 
proof, vaporproof and fireproof. It may be installed 
either indoors or outdoors. 

The power supply for the push-button circuit 
comes from an independent low-voltage circuit which is 
taken from a separate transformer so that there is no 
danger of the operator ever coming into contact with 
the high-voltage circuit. The compensator is so 
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designed that continuous torque is applied to the motor 
from the time the push-button is pressed until the motor 
has been brought up to speed. 

A new automatic starting compensator for squirrel- 
cage induction motors, has been placed on the market 
by the General Electric Company. This motor starter 
is for remote control of constant-speed, two- or three- 
phase, squirrel-cage motors up to 600 volts and general 
applications driving lineshafting, pumps, compressors, 
blowers, conveyors and the like. With it, such equip- 
ment may from a distance be started or stopped by 
means of one or more small hand-operated push buttons 
or snap-switches located within convenient reach of the 
operator or automatically operated by a pressure gov- 
ernor, float switch, thermostat or similar arrangement. 

Resistors. A ribbon-type resistor, wound on edge, 
has recently been developed by the Monitor Controller 
Company, Baltimore, Md., and is intended for service 
where cast-iron grids would otherwise be employed. 
It consists of a high-resistance alloy ribbon, wound on 
edge in helical form and mounted on a steel-reinforced, 
porcelain support which passes through the entire 
length of the unit, supporting and separating every 
convolution at two diametrically opposite points. This 
method of construction relieves the resistor ribbon from 
mechanical strain and permits of thorough ventilation. 
The maker states that the ribbon will operate at any 
temperature up to red heat without sagging or in any 
way injuring the resistor as a whole. 

A system of terminals and taps enables a unit to be 
connected into a circuit, and to be interconnected 
with other units. Two simple forms of clamps provide 
all these facilities. These clamps may be placed at any 
desired point along the resistor and changed at will. 
This permits of accurate adjustment of the resistance 
steps. The maker reports that a saving of weight and 
space is obtained by the use of these resistors as com- 
pared to cast-iron resistors. These resistors are shown 
in an accompanying illustration. 

The EMB grid resistor, manufactured abroad, is 
being introduced by the C.:H. McCullough Engineer- 
ing Company, of Pittsburgh, Pa. This resistor is made 
of drawn material and in one continuous length for an 
amount equal to one frame, or bank. The maker 
states that it is unbreakable, rustless, scaleless, of uni- 
form section, jointless in the frame and is covered by a 
five-year guarantee. He also states that the weight of 
same is less than that of cast-iron grids of equal rating. 

Safety Switches. A new, small safety switch has been 
placed on the market by The Trumbull Electric Manu- 
facturing Company, of Plainville, Conn. This switch 
is now made in the 100-ampere, 250-volt size and will 
shortly be made in the 440- and 550-volt size. The 
maker reports that the switch is characterized by its 
small size, yet the parts are accessible since the switch 
may easily be removed from the box. The switch is 
constructed on the double-break principle, the blades 
being carried on a rotor made of molded material. 
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A new line of quick-make, quick-break, enclosed 
safety switches has recently been put on the market by 
the Westinghouse Electric & Manufacturing Company. 
This line was designed to meet the demand for a sim- 
plified enclosed switch without the full safety features. 

This switch, known as the WK-60 switch, is unique in 
that the quick operating mechanism has been condensed 
into a few simplified parts, located inside the operating 
handle. The maker states that this feature alone is a 
marked advance in the design of safety switches, since 
it lends greater reliability, lesser maintenance cost, andat 
the same time, increases the ease of plant operation with 
regard to inspection testing and the making of repairs. 

A new “‘Lumenized”’ finish has been added to the line 
of Bull Dog safety switches made by the Mutual 
Electric & Machine Company of Detroit, Mich. The 
company states that this finish involves the depositing 
of aluminum flakes, like tiny fish scales, upon the basic 
metal under high temperature. It is said that the 
result is giving the switch the following qualities: 
making it luminous in the dark; rust, acids, and alkalies 
resisting; easily grounded ;and the last word in cleanliness. 

A new type of cross-bar construction has been incor- 
porated in safety switches made by the Square D 
Company of Detroit, Mich. A steel bar is heavily 
insulated with molded composition tubes, possessing 
not only superior mechanical strength but greater 
dielectric strength as well. This construction has an 
extremely low absorption of moisture, which is said to 
prevent warping and the consequent distortion of blade 
alinement. Wide fiber washers have been provided to 
prevent accumulation or adherence of dust, breaking 
up any continuous path of dust to ground. The 
insulating tubes have an offset at the ends so that dust 
cannot work in under the washers, thus causing leakage. 

During the past year the Super-Safety Electric Com- 
pany has developed a new design of safety switches of 
the larger sizes. Instead of the contacts being on the 
base of the cabinet, as is usual, they are placed on sides 
of the cabinet, thus leaving the base entirely clear. 
This constitutes the principal difference between the 
new switch and the more usual types of safety switches. 

The maker reports that this type of construction 
results in the following advantages; greatly increased 
wiring space within the switch with, at the same time, a 
reduction in overall dimensions; double break—a 
break on each side of the fuse; greater flashover dis- 
tance between polarities; and perfect and even contact 
between all contact members by reason of their tandem 
arrangement and their self-alining construction. This 
switch is shown in one of the accompanying illustrations. 

Limit Switches. A new safety limit stop has been 
developed by ‘I'he Morgan Engineering Company, 
Alliance, Ohio. This device consists of a cast-iron box 
in which are mounted two double-throw, single-pole 
switches. These two switches, when actuated by con- 
tact with the hook block, cause the limit switch to 
function. The maker states that this limit switch 
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differs from others in that a resistance is thrown in 
series with the armature as the limit switch starts to 
function, thereby slowing down the armature and 
greatly reducing the amount of current broken by the 
contactors. Complete stopping of the hoist motor is 
accomplished by an usual arrangement of dynamic 
braking. The maker also points out that another 
feature of this limit switch is that the lowering circuits 
are established immediately upon the reversal of the 
controller through the action of a solenoid; there is no 
waiting to lower through resistance. Other features 
cited by the manufacturer are: absence of external 
banks of resistance, for the limit switch is self con- 
tained; positive action, since an upward movement of 
the weight of even a fraction of an inch will actuate the 
limit stop; foolproof, having only one adjustment; the 
use of extra large copper to carbon contactors; having 
only one swinging weight, guided by one of the hoisting 
ropes; and sequence of operation of the contactors 
obtained by a single system of levers, with no cams, 
springs or counterweights. 

The Cutler-Hammer Manufacturing Company of 
Milwaukee, Wis., reports a new development in safety 
limit stops which is said to be a compact, rugged unit 
with a number of features of great importance in the 
functioning of a safety device. The working parts are 
liberally designed and arranged to move freely, this ease 
of operation being still further insured by the provision 
of ball bearings. 

Miscellaneous. A new quick-acting, electric, solenoid 
brake has been developed by the Whiting Corporation 
of Harvey, Ill. This brake was especially designed for 
application to crane service. 

The maker points out that the brake arms are so 
pivoted that the shoes release equally at all points; 
leaving no chance for shoes to drag at the lower ends. 
This is said to be a great advantage in applying the 
brake as the shoes bear equally at all points, resulting 
in quick braking action as well as uniform wear. 

Nichols-Lintern Company of Cleveland, Ohio, re- 
_ ports improvements in its electromagnetic sander. An 
electrically-heated chamber has been placed around the 
‘sand box, thus keeping the sand warm and dry, thereby 
greatly increasing the efficiency of the sander. These 
sanders are intended to replace dangerous and wasteful 
hand sanding methods and are said to save crane and 
runway maintenance. 5 

The use of static condensers for power-factor correc- 
tion in industrial plants has increased considerably. 
The Westinghouse Electric & Manufacturing Company 
reports that it has developed a new low-voltage unit 
which may be connected at the motor or place where 
the power is used, thereby reducing the line losses in the 
feeder circuits. This new line of low-voltage condensers 
is made for 220-, 440-, and 550-volt, 60-cycle service. 

The National Electric Condenser Company of New 
Haven, Conn., is also putting out a line of low-voltage 
condensers for direct connection at the motor terminals. 
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Automatic Substations. The automatic station has 
become firmly established as an economic, operating 
necessity in the electrical industry. With its inherent 
advantages established beyond dispute a marked 
advance in the application of this type of control was 
made during 1924. 

There were no radical changes in the design of 
automatic switching equipments. The tendency dur- 
ing 1924 was to produce unit equipment which might 
be easily handled and installed, standardizing wherever 
possible. The General Electric Company reports the 
progress of standardization to such an extent that com- 
plete automatic stations for mining and industrial 
service are now being stocked. 

To meet the requirements for this class of service, 
the company states that one type of standardized 
design is so arranged that a single machine automatic 
control equipment may be used in either single- or 
multiple-unit stations with any number of reclosing 
feeders, thus giving maximum flexibility, since it allows 
of arranging converting units in any manner desired 
with a possibility of later re-arranging if called for by 
a change in load conditions. This may then be accom- 
plished without modifications of the control. 

Theater Dimmers. A combination stage dimmer and 
switchboard termed ‘‘Controlite’’ has recently been 
developed by the Ward Leonard Electric Company. 
A quick make and quick break switch opens the cir- 
cuit after the lights are dimmed. This simplifies the 
control of the lights by reducing the number of move- 
ments which the operator has to make. It has 
previously been considered good practise to dim the 
lights with one lever and reach elsewhere on the switch- 
board to open the switch. 

Space on the stage is limited and the control handles 
have frequently been placed eight and nine feet from 
the floor. Controlite by its simplification makes it 
possible to place all operating handles within easy reach 
of the operator. 

Motor Driven Dimmers. There has been an increas- 
ing demand by the trade for motor-driven remote 
controlled dimmers to control the lights in the audi- 
toriums of moving picture theaters, churches and ma- 
sonic halls. The Ward Leonard Electric Company 
has developed several very efficient types of motor 
drive for their dimmers. 


CONTROL EQUIPMENT 


A new line of motor and generator field rheostats 
has been completed by the Ward Leonard Electric 
Company. The smaller sizes are of the Vitrohm 
(vitreous enameled) type and the larger capacities 
are of the ““Ribohm”’ (stamped metal grid type). Due 
tonew developmentsin the art of enameled rheostat con- 


- struction, the Vitrohm plates are made of stamped steel, 


instead of being of the former cast-iron construction. 
Many advantages are claimed as a result of this change. 
This company has also recently placed a dead-front 
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type sectional battery charging panel on the market. 
It is especially adapted for charging electric vehicle 
batteries. The special features are compactness, ease of 
operation, and the total enclosure of all live parts. A 
unique design of enclosing cover renders all operating 
parts readily accessible when necessary. 

The Ward Leonard Electric Company has also pro- 
duced a line of totally enclosed contactor type motor 
starters which are unique in that the resistors form part 
of the enclosing case but are arranged so that all heat 
radiation takes place outside of the enclosure. 


Appendix B 


Motor ApPLicaTIONS 


Engineering and Mining Journal Press has published the fol- 
lowing article on subjects listed: 
Industrial Haulage 

Determining Proper Mine Locomotive for Specific Service, 
Graham Birght, Nov. 18, 1922. 

Scope—F actors to be considered in making selection of equip- 
ment of both storage battery and trolley types. 
Coal Age 

Specially Designed Motors for Larry Cars, Atwell, C. A., 
Feb. 14, 1924, Vol. 25, p. 2387. 

Motors for Mine Fans, B. W. Chadbourne, May 15, 1924, 
Vol. 25 p. 722. 

Electrical Mine Machinery, T. F. McCarthy, Feb. 28, 1924, 
Vol..25; ps07.~ 

Automatic Mine Electrical Equipment, E. J. Gealy, Jan. 17, 
1924, Vol. 25, p. 77. 

Air Lift Pumping, E. J. Gealy, Dec. 18, 24, Vol. 26, p. 868. 

Lozomotive Control, H. H. Johnson, Sept. 11, 1924, Vol. 26, 
p. 367. 

Operation of Mine Locomotives, F. L. Stone, Nov. 18, 1924, 
Vol. 26, p. 681. 

Fan Motor Arent F. L. Stone, Nov. 6, 1924, Vol. 26, 
p. 644. 

Battery Locomotive Haulage, J. B. Hicks, Jan. 8, 1925, Vol. 27, 
p. 39. 

Savings made by Electricity, E. J. Gealy, Jan. 15, 1925, 
Voln2is pe tis 

Aerial Tram for Rock Dump, F. H. Kneeland, Feb. 12, 1925, 
Vol. 27, p. 249. 

Coal Cutting and Loading Machines, N. D. Levin, April 2, 
1925, Vol. 27, p. 499. 

Huge Mine Hoist, Delbert Kay, April 9, 1925, Vol. 27, p. 535. 

Flexible Coal Conveyor, N. D. Levin, May 7, 1925, Vol. 27, 


p. 675. 
American Machinist 
1-9. Cranes 


Direct or Alternating Current for Overhead Traveling Cranes, 
William L. Laing, Vol. 60, pp. 133-134. 

Advantages and disadvantages of each type—Selecting a crane 
motor with characteristics to fit the work, speed, braking, over- 
load capacity, service and other characteristics. 

Solenoid Load Brakes for Crane Hoist Motors, H. H. Vernon, 
Vol. 61, pp. 23-24. 

Benefit of Synchronous Motors by L. J. Moore, San Joaquin 
Light & Power Corp., Application 5-2, Oct. 4, 1924, Vol. 84, No. 
14, p. 733, 

Discusses induction motors—recommends that they be instal- 
led to operate at full load—start without compensators. 

Push Self-Starting Motors by J. C. Hobart, President, Tri- 
umph Electrie Co., Application 2-2, March 14, 1925, Vol. 85, No. 
lip. 554. 

Solenoid load brake saves weight and space, electrical con- 
nections, regenerative braking by the motor. 
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Electrical World 

Analysis of benefits of use of synchronous motors. 
Transactions A. I. H. H. 

Another New Self-Excited Synchronous Induction Motor by 
Val. A. Fynn, 1925, p. 64. 

A New Self-Excited Synchronous Induction Motor, p. 660. 
Brown-Boveri Mitteilungen 

Motors with Foreed-Air Cooling by P. Suter, Jan. 1925. 

Journal of the Institution of Electrical Engineers, (England) 

Predetermination of the Performance of Induction Motors by 
D.B. Hoseason, March, 1925. 

Electric Journal 

Lap Windings with Unequal Coil Groups by C. R. Riker and 
A.M. Dudley, January 1925. 

Effect of Unbalanced Voltages on the Operation of Induction 
Motors by O. C. Schoenfeld, January, 1925. 

Electritchestwo, 

Method of Starting Asynchronous Nata’ without a Rheostat 
by Prof. K. I. Shenfer, No. 2, 1924. 

TransacTionsA. I. HE. E. 

Complete Synchronous-Motor Characteristics by John F. H. 
Douglas, Eric D. Engeset and Robert H. Jones, Vol.48, 1925, p.982. 
Electritchestwo 

Problem of Collectorless Direct-Current Generators by G. A. 
Akomoyperetz, No. 8, 1924. 

Transactions A. I. E. E. 

Squirrel-Cage Induction-Motor Core Losses by T. Spooner, 
Vol. 43, 1925, p. 262. 

Electritchestwo (Russia) 

Single-Phase Collector Motor with Independent Excitation 
by A. V. Lebederv, No. 3, 1924. 

Electrician (England) 

Steel and Electrical Engineering by Sir Robert Hadfield, 
December 5, 1924. 

JourRNAL oF A. I. E. E. 

Electric Power Application in Pacific Northwest Fir Mills by 
J. L. Wright, December, 1924. 

Electric Railway Journal 

Boston ‘‘L’”? Woodworking Shop Uses Individual Drive; 
Dee. 27, 1924. 

World Power (England) 

Power Utilization, December, 1924. 

Electrification of Roumanian Oil Field by A. Proca in Equip- 
ment, by F. A. Annett in Power, January 13, 1925. 

Electrician (England) 

Skip Hoists by George Frederick Zimmer, December 26, and 
January 2, 1925. 

Iron and Steel Engineer 

Main-Roll Drives in the United States and Canada, Jan. 1925 
Electrician, (England) 

Spinning and Weaving Mills by H. Fuhrken, Feb. 27, 1925. 

Electric Drive in the Cotton Industry en F. B. Holt, Feb. 27, 
1925. 

Elektrotechnische Zeitschrift 

Development of Electric Rolling-Mill Drive by F. Rohde, 
Feb. 12 and 19, 1925. 

Blast Furnace and Steel Plant 

Electric Motor Drives for Centrifugal Compressors by Gordon 
Fox, Jan. 1925. 

Operation of Electric Elevator Machines—Traction Type. 
Revue Generale del’ Electricite, Nov. 29, 1924. 

Industrial Electric Heating Installations in Publication, 
No. 24-80 of the N. E. L. A. 

Electrical World 

Electrifying Ten-Inch Merchant Mill by M. J. Wohlgemuth 
and M. H. Morgan, Jr., Westinghouse Electric & Mfg. Co., 
Application 1-1, Vol. 84, No. 10, p. 465, Sept. 6, 1924. 

Details of power design and installation. 

A Completely Electrified Foundry by E. J. Apperly,G. E. Co., 
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Los Angeles, Application 1-1, Vol. 84, No. 11, p. 515, Sept. 13, 
1924. 

Description of installation in foundry of Alloy Steel and Metals 
Co., Los Angeles. 

Asynchronous Unity-Power-Factor Motor by Val A. Fynn, 
St. Louis, Mo., Application 5-2, April 18, 1925, Vol. 85, No. 16, 
p. 816, 

Description and discussion of Fynn-Weichsel motor. 

Dual-Frequency Supercalender Drive by W. H. Scott, Applica- 
tion 1-5, April 4, 1925, Vol. 85, No. 14, p. 705. 

Electricity in a Modern Lumber Project by Frank Innes, 
Sessions Engineering Co., Chicago, Application 1-4, Jan. 17, 
£925, sVol. So, No. 3, p: 137: 

General Plan. Describes original installation generally. 

Electricity in a Modern Lumber Project—Part II, Application 
1-4, 5-4, Jan. 24, 1925, Vol. 85, No. 4, p. 199. 

Electricity in a Modern Lumber Project—Part III, Application 
1-4, 5-4, Vol. 85, No. 4, p. 199, 

Primary Distribution and Substations. 

Features of Electric Truck Motors by C. A. Atwell, Westing- 
* house Electric & Mfg. Co., Application 1-6, Feb. 28, 1925, 
Vol. 85, No. 9, p. 4538. 

Discussion of speed, 
motors used. 

Transformer Maintenance Schedule by Editor, Application 4-4, 
Jan. 12, 1924, Vol. 83, No. 2, p. 87. 

Discusses maintenance routine and supervision of transformers. 

Electricity in the Oil Fields by W. G. Taylor, Industrial Eng. 
Dept., General Electric Co., Application 1-8, Feb. 2, 1924, 
Vol. 83, No. 5, p. 229. 

Type of motors, costs, Power consumption. 

Selecting Motors for Cotton Mills by W. S. Maddocks, Electri- 
eal Engineer, Lockwood, Greene & Co., Boston, Application 1-2, 
Feb. 9, 1924, Vol. 83, No. 6, p. 273. 

Problems met and special features of motors used. 

Bonusing Use of Synchronous Motors by Herbert, Application 
5-2, Vol. 83, No. 6, p. 285. 


ContTROL APPLICATIONS 


efficiency, torque characteristics of 


Coal Age 

‘Care and Adjustment of Controllers, H. D. James, April 17, 
1924, Vol. 25, p. 580, Class 2. 

Dynamic Braking on Hoists, R. W. MeNeill. Jan. 10, 1924, 
Vol. 25, p. 35, Class 1. 

Avoiding Electrical Accidents, J. F. MacWilliams, Oct. 2, 1924, 
Vol. 26, p. 468, Class 4. 

Controls for Pumps, Hoists and Shovels, L. F. Stone, Nov. 20, 
1924, Vol. 26, p. 717. 

Automatie Reclosing Circuit Breakers, 
July 31, 1924, Vol. 26, p. 152, Class 1. 

Protecting Mine Equipment, J. F. MacWilliams, March 19, 
1925, Vol. 27, p. 431. 
Iron and Steel Electrical Engineer 

Direct-Current Hoist and Trolley Control for Ore Bridges by 
N. L. Mortensen, December, 1924. 


American Machinist 
1. Automatic Controllers 
2. Control Application 

Electrical Equipment for Machine Tools, John W. Harper, 
Vol.61, pp. 261-264. 

Devices giving protection from overload—Dynamic braking— 
Push-button and jogging control—Alternating and direct-current 
motors and their uses—Types of Winding. 

Principal Development in Shop Equipment, L. C. Morrow, 
Vol. 62, p. 89. 


Raymond Howey, 


Resumé of first six. months of 1924, marked by tendency to-. 


ward greater use of motor-drive and push-button control. 


Machine Tools with Built-In Electrical Equipment, John W. 
Harper, Vol. 62, pp. 780-782. 
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Changes of motor drive in machine tools, Individual drive 
replaces group drive, Increased use of machines having motors 
built in, Auxiliary motors used on large tools. 

Electrical Equipment for Machine Tools, John W. Harper, 
Vol. 61, pp. 261-264. 

Conclusion—Devices giving protection from overload, Dy- 
namic braking, Push button and jogging control, Alternating 
and direct-current motors and their uses, Types of winding. 

Swing Frame, Portable and Hand Grinding Machines, Special 
Correspondent, Vol. 61, pp. 645-648. 

Early swing frames, Greater freedom of movement needed, 
More power and better wheels required, The electric motor and 
the solid wheel aid in development. 

Principal Developments in Shop Equipment, L. C. Morrow, 
Vol. 61, p. 89. 

Resumé of first six months of 1924, marked by tendeney 
toward greater use of motor drive and push-button control. 

Developments in Shop Equipment, L. C. Morrow, Vol. 62, 
p. 81. 

Resumé of last six months of 1924, marked by trend toward 
the use of the motor drive and the adaption of ball bearings. 

1-10. Machine Tools 

Electrical Equipment for Machine Tools, John W. Harper, 
Vol. 61, pp. 215-217. 

General features—Characteristies of various types of motor 
controllers, Duty each type is best fitted to perform, Under- 
voltage protection, Magnetic or push button control. 

Electrical World 

Automatically Controlled Asbestos Mill by A. A. St. Aubin, 
Canadian Comstock Ltd., Application 2-1, March 28, 1925, 
Volae Sone NOumlomnDs (Obn 

Description of plant and system of control from one control 
room. 

Power 

Machine Tools with Built-In Electrical Equipment, John W. 
Harper, Vol. 62, pp. 261-264. 

Changes of motor drive in machine tools, Individual drive 
replaces group drive, Increased use of machines having motors 
built in, Auxiliary motors used on large tools. 

2. Control Applications 

Operation and Care of Drum-Type Manual Controllers for 
Motors by H. D. James, March 4, 1924. 

Operation and Care of Cam Type Manual Controllers for 
Electric Motors by H. D. James, March 25, 1924. 

Limitations of Manual Controllers for Electrie Motors by 
H. D. James, April 29, 1924. 

Control of Auxiliary Drive Motors, A. L. Harvey, May 13, 
19242) - 

Engineering and Mining Journal-Press 

Reclosing Equipment for Mines, EB. L. Hough, April 14, 1925. 

A discussion of the characteristics and design of the various 
types In use. 

Electrical World 

Dual-frequency Supercalender Drive Increases Production 
25 per cent, Application 1-5, 3-a, Nov. 15, 1924, Vol. 84, 
No. 20, p. 1048. 

Description of Installation at Kalamazoo Paper Co. 


MecuanicaL np or Motor Drive 


American Machinist 
3. Mechanical End of Motor Drive 
3-1. Lineshafting 
3-1-b. Bearings 
Advanced Practise in Anti-Friction Bearings, P. W. Lieber- 
mann, Vol. 60, pp. 333-334. 
Data on two important conveyor installations, Application 
to electric motors, Desirability of making comparative tests in 
laboratory. 
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Bearing Pressures and Friction, Louis Ilmer and Leonard N. 
Linsley, Vol. 61, pp. 959-962. 

Abstract of two papers presented at A. S. M. E. annual meet- 
ing, Effects of quality and quantity of oil, Friction coefficient, 
Ultimate load capacities and breakdown pressures. 

Principal Developments in Shop Equipment, L. C. Morrow, 
Vol. 62, p. 81. 

Resumé of last six months of 1924, marked by trend toward the 
use of motor drive and the adoption of ball bearings. 

Installation and Maintenance of Ball Bearings, H. N. Parsons, 
Vol. 62, pp. 731-732. 

Care in handling, Instructions covering application, Removing 
and cleaning bearings, Lubricants; the kinds to use and the 
kinds to be avoided and the reasons therefore. 

3-2-b. Leather Belts 
American Machinist 

Slip, Friction and Stretch Tests for Leather Belting, L. C. 
Morrow, Vol. 60, pp. 469-471. 

How the slip test is performed, Measuring stretch, Determina- 
tion of coefficient of friction, Example of an overload belt run- 
ning without tension on the slack side. 

Belting Standardization at the Du Pont Plants, William 
Staniar, Vol. 60, pp. 977-978. 

Installations made and tested under severe service conditions 
to compare various makes and grades, Purchases made on basis 
of record, Description of system. 

3-3. Gearing 
3-3-a. Speed Reducers 

Annular Gearing; Its Design and Application, 
Vol. 60, pp. 125-128. 

Principle and method of operation, action of the gear teeth, 
points of design of annular gear sets, construction employed to 
give uniform speed. Applicable to drives requiring large re- 
duction ratios. 

Laboratory Tests of Non-Metallic Gears, 
Vol. 60, pp. 505-507. 

Work done to determine strength and endurance, Evolution 
of the testing equipment, Tests for vibration and the effects of oil 
Reproducing service conditions. 

Worm Gear Reductions for Heavy Service, H. Edsil Barr, 
Vol. 60, pp. 931-932. 

Description of reducer in restricted position from 100-h. p. 
motor to 60-in. rubber mill. 

Spur Gear Speed Reducers. What Are They? Why and Where 
Are They Used? Warren G. Jones, Vol. 61, pp. 689-690. 

Range of reduction ratios, Straight line and offset drives, Origin 
of the inclosed reducer, Advantage in space economies, Compara- 
tive cost and upkeep. 

Wear of Reduction Gear Teeth Measured from Plaster Casts, 
H. B. Chapman, Vol. 62, pp. 51-52 

How an accurate cast of helix or tooth can be made, Method 
serves to keep complete record of reduction gear wear. 

3-3-b. Chains 

The Application of Silent-Chain Drive to Machine Tools, 
Charles W. Weiss, Vol. 61, pp. 873-876. 

Development and characteristics of the bushed silent chain, 
Advantages of silent chain drive, Applications of silent chains 
to machine tools, Principles of automatic chain tightener. 

An Improved Design of Chain Sprocket Teeth, Charles W. 
Weiss, Vol. 61, pp. 993-996. 

New tooth form results in considerably inereased chain life, 
Principles applicable to cut teeth as well as east teeth, Pitch 
line clearance and pressure angle. , 

Manufacturing Silent Chain Parts, C. J. Priebe, Vol. 61, 
pp. 145-148. 

Where silent chain is used, Applications for power transmis- 
sion, Wide adaptability, Heavy, high-speed and large reduction 
installations, Use on machine tools. 

3-4. Direct Drive 3-4-a. 


P. H. Bryant, 


R. H. Moyer, 


Couplings 


Safety Couplings for Machines Drives, F. Osgood Hickling, 
Vol. 61, pp. 921-923. 

Devices to prevent damage to machines when drives or feeds 
are overloaded and which take the place of the braking pin in 
light machines. 

3-4-b. Clutches 

Formulas and Data for Friction Clutches, George W. Drake, 
Vol. 61, pp. 955-957. 

Formulas and data for cone, 
clutches, Practical examples of the formulas. 

Coal Age 

Anti-Friction Bearings Lower Transportation Costs, F. H. 
Kneeland, April 24, 1924, Vol. 25, p. 603, Class 1-b. 

Twin-Rope Skip Hoist, H. F. Hebley, A. T. Allen, June 26, 
1924, Vol. 25, p. 935, Class 2-c. 

Prolonging Life of Wire Rope, L W. Bevan, June 12, 1924, 
Vol. 25, p. 872, Class 2-e. 

Power 

3. Mechanical End of Motor Drives 

Relative Merits of Different Types of Motor Bearings by 
F. E. Boyd, April 22, 1924. 


SUBSTATION 

Coal Age 

Flashing of Substation Generator, E. B. Cameron, June 12, 
1924, Vol. 25, p. 887, Class 5-e. 

Automatic Substation Equipment, 
June 19, 1924, Vol. 25, p. 912, Class 6. 

Protecting Converters & MoceCenem ar Sets, N. S. Taylor, 
April 10. 1924, Vol. 25, p. 545, Class 6. 

Fitting Switehboards to Appliances, W. L. Newmeyer, August 
7, 1924, Vol. 26, p. 184, Class 6. 

Preventing Transformers from Burning up, D. EK. Kenworthy, 
July 10. 1924, Vol. 26, p. 57, Class 4. 
Power 

Transformers -Connected for Operation on a Two-Phase 
Circuit by B. A. Briggs, Jan. 15, 1924. 

Some High Points of Modern Transformers by Arthur Palme, 
March 11, 1924. 

Transformers Connected for Operation on a Three-Phase 
Circuit by B. A. Briggs, April 22, 1924. 

Grounding Transformer Secondaries by J. B. Gibbs, August 
26, 1924. 

Special Applications of Standard Transformers by J. B. 
Gibbs, November 25, 1924. 

High-Power Mercury-Are Rectifiers by F. C. Bailey. January 
22, 1924. 

Scherbius Controlled Induction-Synchronous Frequency Con- 
verter by R. E. Greene, February 17, 1925. 
Electrical W orld 

Fields for Power Sales Development by E. W. Lloyd, Com- 
monwealth Edison, General, Sept. 13, 1924, Vol. 84, No. 11, 
p. 518. 

Description of various power applications of electricity 
possible. 


Chester Litchlenbare, 


Evectric Power DistrisuTioN SyYsTEMS IN INDUSTRIAL 


PLANTS 

Coal Age 

Mine Power Plant Generates Cheaply, C. L. Moorman, Feb. 7, 
1924, Vol. 25, p. 210, Class 4. 

Wasted Power, A. J. Hoskins, April 3, 1924, Vol. 25, p. 498, 
Class 4. 

Mine Generated Power, A. J. Hoskins, May 1, 1924, Vol. 25, 
p- 631. 

Generate Power Safely, H. F. Hebley, and A, Allen, July 3, 
1924, Vol. 26, p.3, Class 6. 
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Bonds for Tracks, J. B. Austin, July 3, 1924, Vol. 26, p. 330, 
Class 6. 


Electric Mine Equipment Guarded Against Delays, E. J. 
Gealy, July 24, 1924, Vol. 26, p. 117, Class 6. 


Mining Co. Generates more Power Than Public Utility, 
EK. J. Gealy, July 17, 1924, Vol. 26, p. 82, Class 6. 

Dangers of Ground Currents, E. E. Jones, Oct. 23, 1924, Vol. 
26, p. 574, Class 6. 

Central Metering Point Saves Power Costs, A. MacDonald, 
December 4, 1924, Vol. 26, p. 793, Class 3. 

Choosing the Proper Power Contract, W. H. Russel, Sept. 25, 
1924, Vol. 26, p. 487, Class 3. 

Reducing Energy Consumption of Mine Apparatus, W. H. 
Russel, Oct. 9, 1924, Vol. 26, p. 499, Class 4. 

Mines can Generate Power Economically, C. H. Matthews, 
Jan. 1, 1925, Vol. 27, p. 11, Class 4. 

Power Factor Correction at Mines, W. B. Synder, Feb. 19, 
1925, Vol. 27, p. 281, Class 2. 

Dangers of Stray Currents, C.S. Hurter, Feb. 19, 1925, Vol. 27, 
p. 284, Class 4. 

Statice Condensers Cut one-third off Power Bill, E. J. Gealy, 
May 14, 1925, Vol. 27, p. 709, Class 2. 
Power 

Making Electrical-Machinery Tests in Industrial Plants by 
J. Elmer Housley, Dee. 2, 1924. 

Testing Direct-Current Motors by J. Elmer Housley, Jan. 20, 
1925. 

Testing Alternating-Current Motors by J. Elmer Housley, 
Feb. 24, 1925. 

Selection, Use and Care of Recording Electrical Motors by 
J. Elmer Housley, May 5, 1925. 

How to Calculate Three-Phase Power Distributing Circuits by 
J. E. Berger, June 24, 1924. 

Application of Statice Condensers to Power-Factor Correc- 
tion by R. E. Marbury, April 28, 1925. 
Electrical World 
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Power-F actor Correction in Practise—I, by L. W. W. Morrow, 
Application 5-2, Nov. 22, 1924, Voi. 84, No. 21, p. 1096. 

Analysis of practical accomplishments in industrial power 
factor correction. 

Practical Ways to Correct Power Factor by H. B. Dwight, 

Application 5-2, Dee. 6, 1924, Vol. 84, No. 23, p. 1199. 

Discussion of synchronous motors and other correcting 
methods. 

Eeonomies of Power-Factor Correction by Raymond Schulze, 
Duquesne Light Co., Application 5-2, Dec. 15, 1924, Vol. 84, 
No. 24, p. 1247. 

Analysis of power-factor correction methods. 

Economie Aspects of Power-Factor Correction by A. S. Knight, 
Bosten, Application 5-2, March 28, 1925, Vol. 85, No. 13, p. 662. 

Diseussion of power rate problem. 

Secondary Power Distribution, Application 2-1, Jan. 24, 1925. 

Description of motor applications and control systems. 

Benefits of Power-Factor Correction by A. M. Perry and H. C. 
Anderson, Application 5-2, Feb. 14,1925, Vol. 85, No. 7, p. 34.5 

Description of experience with correction methods in various 
industrial plants. 

How central-stations should encourage high power-factor in 
industrial plants, Bristol Dwight, Feb. 9, 1924. 

Selection of Corrective Equipment by M. A. Hyde, Westing- 
house Elec. & Mfg. Co., Application 5-2, March 8, 1924, Vol. 83, 
No. 10, p. 472. 

Comparison between Static Condensers 
Condensers. 

Power Costs in Cotton, Mills by Editor, Application 1-2, 
March 29, 1924, Vol. 88, No. 18, p. 621. 

Survey of Conditions in Twenty Mills. 

Modern Hotel Electrification by Karr Parker, Manager, 
McCarthy Bros. & Ford, Application 1-7, August 30, 1924, Vol. 
84, No. 9, p. 405. 

Discusses electrical application for elevators, ventilation, 
lighting with wiring diagrams. 


and Synchronous 


Electricity’s Progress in the Iron and 
Steel Industry 


By Committee on Applications to Iron and Steel Production! 


T the first meeting of this Committee held in the 
A Schenley Hotel, Pittsburgh, Pennsylvania, Sep- 
tember 17, 1924, every member being present, 

_it was agreed that the Annual Report for 1924-25 
should be a topical consideration of progress during the 
current year, and the field was duly apportioned to the 
several members of the Committee. 

One of the papers secured by the Committee and 
deserving of special mention in this Report is. that, 
prepared and presented by Mr. K. A. Pauly before the 
Annual Convention at Pasadena, California, September 
1924, entitled “‘Contributions of Electricity to the Steel 
Industry.” 
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Steel Production. 
F. B. Crosby, Chairman 


E. Gordon Fox, E. S. Jefferies, G. E. Stoltz, . 
Eugene Friedlaender, D. M. Petty, J. D. Wright. 
A. G. Pierce, 


Presented at the A. I. EH. E. Annual Convention, Saratoga 
Springs, N. Y., June 24, 1925. 


_It was also agreed that each member of this Com- 
mittee should actively interest himself in arranging for 
one or more joint meetings of the Local Sections of the 
A. I. E. E. and the Association of Iron and Steel 
Electrical Engineers (A. I. & S. E. E.). 

Although many members of this latter’ organization 
are also members of the A. I. E. E., your Committee 
was of the opinion that closer cooperation and unity 
of interests might be brought about by the formation on 
the part of the Association of Iron and Steel Electrical 
Engineers of a committee empowered to act directly 
with your Committee in all matters relating to the 
mutual interests of the two organizations. 


This matter was brought to the attention of your 
Board of Directors, who, on September 26, 1924— 


Vorrp: That the Board of Directors recognizes the impor- 
tance of the work being carried on by the Association of Iron and 
Steel Electrical Engineers in the industry with which it is 
associated, and appreciates the desirability of closer cooperation 
between the Institute and the A. I. & S. E. E., and requests its 
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Committee on Applications to Iron and Steel Production to 
consider and report to the Board methods of cooperation between 
the two organizations and means of bringing it about. 

This action on the part of the Directors was duly 
transmitted by this Committee to the Board of Direct- 
ors of the A. I. & 8S. E. E., who, through an incomplete 
appreciation of the objects in view, at first rejected this 
suggestion. Further consideration, however, has re- 
sulted in the consent of the Directors of the A. I. & 
S. E. E. to give the proposition more thorough study 
before taking final action. 

Every twelve month period shows the steady and 
truly remarkable, if not always spectacular, increase 
in the application of electricity in the manufacture of 
steel. The current year of 1924-25 has been no excep- 
tion. Generally speaking, however, the growth has 
been along lines already well defined and presents little 
that is fundamentally new or novel. 


I. GENERATING UNITS 


The Steam turbine continues to hold first place as a 
prime mover in the steel plant. That there has been a 
substantial increase in the generating capacity of steel- 
mill power plants is evident from the fact that one 
manufacturer reports the sale during this past year of 
fourteen units ranging from 750 to 15,000 kw. and 
aggregating 111,000 kw. 

It is an open question, however, as to whether the 
greater economies which are being sought throughout 
the industry may not, together with improved design 
of engines and gas cleaning equipment, bring the slow 
speed gas engine back into favor. The economic value 
of blast furnace gas is increasing, due to its successful 
use in various metallurgical processes, soaking pits, 
heating furnaces, etc. This increasing value will 
automatically necessitate its use at the highest possible 
efficiency and as a given quantity of gas can be con- 
verted into more kw-hrs. of electrical energy through 
a gas engine than when burned under a boiler, the 
return of the gas engine, in spite of its present high 
first cost and maintenance charges, is a possibility. 

Very satisfactory progress is being made in the 
development and use of Diesel Engine units up to 
5000-kw. capacity. 


II. DISTRIBUTION 


No marked improvements in distribution have been 
reported, but the use of purchased power has rapidly 
increased as the size and reliability of commercial 
power systems has increased. Largely for this reason, 
60-cycle current now predominates. 

Automatically controlled railway and power sub- 
stations have been in successful operation for several 
years, and during the past year there have been in- 
stalled several such equipments in steel plants. One 
large steel plant has changed over all of its manual 
stations, involving five motor-generator sets and a large 
number of a-c. and d-c. feeders, to full automatic 
control. At another plant a full automatic substation 
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has been installed to control two 1000-kw. motor- 
generator sets and all a-c. and d-c. feeders. A third 
plant has installed three equipments for the operation 
of motor-generator sets and feeders. This increase in 
the use of automatic substation control has been due 
primarily to the extreme reliability of operation, to- 
gether with the operating saving that can be shown, as 
compared with manual control, to take place where 
power is used, thereby reducing the line losses in the 
feeder circuits. 


III. MAIN-ROLL DRIVES 


To an even greater extent than usual, this past year 
has been marked by a replacement of existing engine 
drives by modern electrical equipment. The sturdy 
induction motor still meets, in some one of its several 
forms, most requirements for main roll drives, except 
for reversing mill duty where, of course, nothing is 
likely to replace the d-c. machine with generator field 
control. 

The growing demand for high tonnage mills with 
great flexibility in range of product is, however, re- 
quiring more and more adjustable speed, d-c. motors 
and this in turn is giving more importance to the rela- 
tive merits of motor-generators, rotaries and mercury- 
are rectifiers as a means of transforming from alter- 
nating to direct current. For certain types of mills 
the synchronous motor is being considered very 
favorably, although no installations of importance have 
as yet been made. 

The following tabulation includes only main-roll 
motors on a continuous rated basis in units above 300 
h.p. as reported by the three principal electrical 
manufacturers in this country up to June 1, 1925. 


1923 1924 1925 
GO Cy ClO ag. ca2h te acer male tats Bienes 452840 478390 543440 
2B) CY CIO. tad chen ora automo miak eae one 475825 490225 538450 
Directeurrenti, ceictc veles oie 299670 324860 430610 
Totals cn..c:te soto nsec etalk 1228335 1293475 1512500 


It is interesting to note that out of 95,225 h.p. 
reported by one company as sold during the year units 
(13) totaling 23,750 h. p. or approximately 25 per cent 
of the total represents motors which have been pur- 
chased to replace existing steam engine drives. 

For the operation of a continuous skelp mill there 
has been purchased a 7500-h. p. induction motor with 
Kraemer speed regulating set to adjust the speed of 
this motor from 250 to 134 rev. per min. This is the 
largest motor with Kraemer equipment that has ever 
been built. 

Another manufacturer reports the construction of a 
5000-h. p., 75/150-rev. per min. motor for reversing 
service built with a single armature and supplied at 
700 volts from two generators in parallel forming a part 
of a three-unit set. 

This is a distinct departure from the usual practise 
of having several armatures connected in series where 


ee 


— 
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units of this size are involved. This motor replaces 
an engine on a 48 in. universal plate mill. 
Other notable units reported by thismanufacturer are: 


2—3500 h. p.—50/120 r. p. m.—700 volt—reversing units 
2—5000 h. p.—25/150 r. p. m.—700 volt—+reversing units 
1—5000 h. p.—50/120 r. p. m.—700 volt—reversing unit 
4—7000 h. p.—50/120 r. p. m.—700 volt—reversing units 
1—8000 h. p.—40/80 r. p. m.—700 volt—reversing unit 


Physically, the 7000 h. p. motors are the largest single 
armature reversing motors yet built and the 8000 h. p. 
will be, when completed, approximately 50 per cent 
larger. This latter motor will drive a 54 in. blooming 
mill which is likewise the largest mill of the kind in 
this country. 

Another notable installation is reported by the same 
manufacturer, namely, a tandem hot-strip mill driven 
by one 1500 h. p. induction motor and six individual 
adjustable speed d-c. motors with an aggregate rating 
of 10700 h. p. for the d-c. machines which are of the 
compensated type. 

A strong and sturdy yet easily operated foot-master 
switch has been developed for the control of reversing 
mill motors. The use of a foot-operated master switch 
requires one less operator in the mill pulpit than with 
a hand-operated controller and some mills have also 
found that production is increased as the concentration 
of control to one man permits closer coordination of 
the various operations. 

Two speed regulating equipments of the frequency 
converter type are being built for use with existing 
600 h. p. motors. 

Truck-type switching equipment is being used to a 
greatly increased extent in many mills. Less time is 
required for assembly in the field, greater safety is 
secured as live parts are better protected and shut- 
downs are fewer as a spare truck may be kept available 
to quickly replace a damaged one. ; 


IV. AUTOMATIC CONTROL 

An interesting tendency in auxiliary mill-motor 
control is toward the use of time limit acceleration 
_ instead of current limit which has long been the ac- 

cepted standard. In one system the time interval be- 
tween the closing of successive accelerating contactors 
is secured by an ingenious application of the well- 
known principle that when a constant d-c. potential is 
applied to a circuit containing inductance, an appre- 
ciable time elapses before the current reaches its 
maximum value. 

Another control system recently placed on the 
market secures the time element of acceleration by the 
delay in building up or down of a magnetic field, when 
the relay coil is short-circuited, a definite time is 
required for the flux to decrease to a point permitting 
the release of the relay armature. This armature is 
forced out by a spring of adjustable tension which, 
together with other features, gives a timing range of 
0.2 to 2.0 seconds for the relay. Once adjusted, this 
timing remains constant under all operating conditions. 
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In one case where this control was substituted for a 
series-contactor control, the current peaks were re- 
duced from nearly 800° amperes to a maximum of 
approximately 350 amperes. This reduction in current 
peaks is due to the fact that, with the series-contactor 
control, it is necessary to set the contactors to close 
at a relatively high value of current in order to take 
care of maximum load conditions which are encountered 
when a mill is first started. This adjustment usually 
is not changed after the mill has been limbered up, and 
as a result the motor and control are forced to handle 
all loads with the same effort as required for the maxi- 
mum load. With a definite time control, the motor 
is forced to exert its maximum torque only when the 
load conditions demand it. 


V. YARD ELECTRIFICATION 


‘ The search for the best all around system of. yard 
transportation continues slowly because of the exces- 
sive investment charges. Installations now in opera- 
tion for two years or more seem to have demonstrated 
conclusively that a third-rail system can be operated 
successfully in a steel-plant yard without excessive 
maintenance charges or danger to employees. The 
first cost is high—approximately one dollar ($1.00) 
per foot of trackage electrified. 

The development of the Diesel Electric Locomotive 
for this purpose is proceeding very satisfactorily. 
When production permits reasonable first costs, its 
very attractive operating characteristics will un- 
doubtedly bring it into general use in steel plants. 


VI. ELEcTRIC HEATING 


With the expiration of patents covering certain 
alloys of great value for use in resistor units, the 
development of annealing and heat-treating furnaces 
has received marked impetus. Furnaces of large 
capacity with temperatures of 1800-2000 deg. fahr. 
are being installed in considerable numbers. 

Two electric furnaces for the continuous hardening, 
quenching and tempering of carbon-steel wire have 
been recently installed in wire mills. This process 
results in a higher quality of wire than when treated in 
a gas-fired furnace. A bright unoxidized surface on the 
wire is produced. - These are the first electric furnaces 
to successfully do this work and have proven economic- 
ally desirable as well as producing a more satisfactory 
product. 


VII. Arc WELDING 


The use of are welding as a means of repair of worn 
and broken parts in steel mills has shown a great increase 
within the past year. The savings effected by are 
welding of a single worn or broken part in a number of 
cases more than paid for the first cost of the welding 
equipment. A number of steel plants are using the 
automatic arc-welding process for the building up of 
worn shafts and similar operations. 
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VIII. ELm&ctTric FURNACES 


Conditions in the development of “‘arc furnaces” for 
melting steel and iron have become fairly well standard- 
zied, both as to installed kw. per ton, voltage between 
electrodes, ete. Continued investigation of the two- 
voltage system of operation, a high voltage for melting 
followed by a low voltage for refining, indicates that 
there is no deleterious effect on the product while there 
is a decided saving in the power and electrode con- 
sumption, together with the time required to make a 
heat. 

In this field, there continues a steady, if slow, 
development of low frequency “‘induction furnaces”’ for 
making high grade steels and alloys, but the field of 
high frequency induction furnaces has witnessed one 
of the most interesting developments of recent years. 

For many years it was thought that the high fre- 
quency induction furnace could not operate success- 
fully in melting metals at frequencies lower than 5000 
cycles. However, it has recently been demonstrated 
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that frequencies approximating 500 cycles will melt 
metals on a commercial basis with very good efficiency. 
For instance, common brass has been melted starting 
with a hot crucible with power consumption of ap- 
proximately 225 kw-hr. per short ton—and other 
metals in proportion. 


The equipment is simple, consisting of a motor 
generator set taking power from standard power circuits 
and. supplying approximately 500-kw. single-phase 
to the furnace. The furnace consists of a standard clay 
graphite crucible, as developed for steel melting, with 
heat insulating casing around which is placed an 
edge-wound copper strip coil. To the terminals of 
this coil is applied 900 or 1800 volts at 500 cycles, single 
phase; a capacitor unit being connected across the 
coil in order to bring the power factor up to approxi- 
mately 100 per cent. 

In view of this recent development, no definite data 
are available, but it is confidently expected that this 
condition will be changed in time for the next report. 


Advances in Use of Electricity in Mines 


By Committee on Applications to Mining Work! 


HE work of this committee is, of necessity, limited 
fl Darvas largely to the securing of papers from represent- 
ative mining engineers. 

During the year several such papers have been 
presented, including one by W. C. Adams of the Allen & 
Garcia Co., on “Coal Mine Electrification; one by 
Shelton and Stoetzel on ‘‘Electric Shovels; one by 
W.C. Clark of the Westinghouse Co. on “Application 
of Motors to Mine Locomotives; and one by your 
Chairman, entitled ‘Electricity in Mines.” 

The subject of mining does not seem to particularly 
interest many A. I.E. E. members, and it was very 
difficult to draw out a good discussion on any of these 
papers. The reason for this, the author believes, is 
more or less obvious and is due, at least in part, to the 
fact that the mining profession in general feels that the 
A. I. E. E. as a body is not particularly interested in 
its problems. The Chairman is convinced that the 
only way to stimulate interest at a mining meeting 
and possibly break down this impression, is by holding 
the mining session in conjunction with some local 
mining society. If this is done, it seems certain that the 
members of the mining society will turn out and will be 
glad to cooperate and participate in the discussion of 
such points of interest as may arise. 
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L. C. Ilsley, 
G. M. Kennedy, 
R. L. Kingsland, 
A. B. Kiser, 


John A. Malady, 
D. C. McKeehan, 
W. F. Schwedes, 


There seems to be very little constructive work for 
the committee on mine applications. This field has 
been very well covered by other organizations; thus 
it would seem that the only work left for this committee 
is to keep constant watch on the development and assist, 
whenever possible, in the improvement of mine 
electrification. 

During the year there has been no outstanding and 
novel development in the application of electricity to 
mining projects, but, on the other hand, there has been 
a steady and healthy growth of this application. Larger 
projects have been undertaken and put through to a 
successful finish than ever before. One notable in- 
stance is the five-mile belt conveyor underground at the 
Colonial Mine of the H. C. Frick Coke Co. Here we 
have coal transmitted on a belt conveyer from the mine 
face to the docks, a distance of approximately five 
miles, on twenty sections of conveyer at a speed of 
450 to 500 ft. per minute. This conveyer has a potential 
capacity of some 10,000 tons per day. It has been in 
operation for some considerable time and can be 
stamped as entirely successful. 

Another notable installation is that of the largest 
coal mine hoist in the world; namely, the 4000-h. p. 
Ward-Leonard coal mine hoist which operates in the 
Orient No. 2 Mine of the Chicago, Wilmington & 
Franklin Coal Co. 

The Old Ben Coal Co. has purchased three 2200-h. p. 
coal mine hoists, two of which are in operation, the 
third to be installed shortly. 

From a business standpoint, the bituminous mining 
industry finds itself today in a very unfortunate 
condition. 
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The majority of coal operators feel that cheaper 
production of their product will help matters to a 
considerable extent. The author believes the actual 
savings that result from complete electrification are not 
fully appreciated by all operators. Reliable records 
show savings as high as 25 cents per ton, resulting from 
change-over from steam to electricity in the same mine. 
Further, the stand-by losses when mines are electrified 
are very greatly reduced, so that shut-downs and idle 
periods are not such serious matters from a cost stand- 
point with electrified mines as they are with steam- 
driven mines. 


The electrification of coal-loading machinery is 
receiving a great deal of attention from the manufac- 
turing engineers as well as from the coal mine operators. 
There is no other practical method of drive for these 
machines, and, like the majority of mine applications, 
improper motors have been applied on early machines 
with the usual result. 


There is still a great deal of work to be done of an 
educational nature so far as the mine operator is 
concerned. The motors required for his work should 
be, almost invariably, of a special design, laid out to 
meet mining conditions. Standard industrial motors 
are very rarely applicable to this class of work, and their 
application usually ends in delays and dissatisfaction. 
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In conclusion, it is suggested that something might 
be accomplished by the formation of a joint committee 
on Application of Apparatus to Mines; this committee 
being made up of the chairmen of the various com- 
mittees at work on this subject in other societies such as 
the American Institute of Mining and Metallurgical 
Engineers, the American Mining Congress and the 
United States Bureau of Mines; these gentlemen meet- 
ing with the chairman of the committee on “‘Application 
of Electricity to Mines” of the American Institute of 
Electrical Engineers; this latter body possibly acting 
as sponsor for such a committee. Such a committee 
could review the work already done along this line and 
suggest changes or give its approval. 

The most outstanding work along this line has been 
done by the committee on Underground Transmission 
and the committee on Power Equipment of the Ameri- 
can Mining Congress. These committees, working 
jointly, have prepared a set of rules and suggestions for 
the installation and care of electrical apparatus in and 
around mines. These rules and suggestions are, at the 
present time, before the American Engineering Stand- 
ards Committee for its approval. A committee made 
up of the personnel suggested above might go 
over these rules and suggestions in a constructive man- 
ner, and, if their approval is received, would undoubt- 
edly help the mining industry to some extent at least. 


Rules and Personnel Problems of the 
Marine Field | 


By Committee on Applications to Marine Work! 


T is believed that the report of the Committee on 
| pesca to Marine Work for this year may be 

said to be the most comprehensive of any similar 
reports for the past few years. 

The main proposition on hand for this year was the 
revision of the existing Marine Rules. These rules 
were issued about five years ago, and at that time were 
more or less of a tentative draft, and had become some- 
what outlawed by changes in the art. Due to the 
fact that the Sectional Committee of the American 
Engineering Standards Committee did not seem to be 
functioning with sufficient rapidity to insurearecognized 
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standard within the near future, the Marine Committee 
voted last Fall to re-edit and publish a revised set of 
Marine Rules, and for the past year, practically all of 
the time of the Committee and Subcommittees has 
been devoted to this line. 

In the above connection, exceptional credit must be 
given to last year’s Chairman and the Chairmen of the 
other Subcommittees for their untiring efforts and 
cooperation to bring about the desired results. 

Among a few of the details which have been under 
consideration, and in some cases accomplished, may be 
mentioned the following: 

a. A member of our Committee has been appointed 
to represent the A. I. E. E. on the Marine Standards 
Committee. 

b. The 1923 proceedings of the National Fire & 
Protective Association adopted the Marine Rules in so 
far as they applied to insurance. 

ce. The British Consul requested the Committee’s 
advice in regard to using magnetic cranes in shipyards. 


d. Amember of this Committee addressed the 
Boston Section in March, on the subject of the Mer- 
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chant Marine, especially covering the point of respon- 
sibility of electrical operators, and the failure of the 
U.S. Steamboat Inspection Service to recognize its 
responsibilities. 

e. In the report of the meeting of November 1924, 
was included an item of Publicity, giving a bibliograph 
of recent data which had been published in various 
magazines, as applying to Marine Electrical Industry. 

It is believed that an extension of this service by the 
Institute would be a desirable undertaking, (possibly in 
cooperation with Mechanical Engineers) in connection 
with the Engineering Index. We understand that this 
matter is now under consideration, and the Committee 
most heartily endorses the proposition. 

The most important work of the Marine Committee 
of this year is contained in the conference held on 
Thursday morning at the St. Louis Convention, at 
which session there were three articles presented: 
one covering the History of Electrical Application to 
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Marine Work up to date; another, the Application of 
Electrical Propulsion; and a third, covering Merchant 
Installations and Electrical Operators, with special 
reference to the licensing of electrical engineers. 

It is believed that a survey of these three articles may 
be considered a8 a very definite progressive report of the 
work of this Committee for the year, and suggestion is 
made that all interested might peruse these three 
articles to advantage. 

In connection with the suggested work of next year, 
the recommendation would be, if possible, to develop an 
inspection to include electrical devices for marine use. 
Also, possibly, to extend the scope of the Committee to 
include certain branches of manufacturing as are not 
already included within the scope of our Marine Rules, 
such as Instruments, etc. Also, there will no doubt 
develop certain phases of the present rules that will 
need further revision, and the development of rules as 
suitably applying to electric propulsion. 


Progress in Diverse Lines of Electrochemistry 
and Electrometallurgy 


By Committee on Electrochemistry and Electrometallurgy* 


WO papers on electrochemical subjects have been 

presented at meetings of the Institute by members 

of this Committee. The first of these entitled 
“Electrometallurgical Applications’ by J. L. McK. 
Yardley was presented at the Pacific Coast Convention 
in October 1924. This paper dealt with developments 
in the utilization of electrical power based upon funda- 
mental principles of electrochemistry and the relation 
of the electrical engineer to the chemist and metallur- 
gist. The second paper, by G. W. Vinal and G. N. 
Schramm, was entitled “Storage Battery Electrolytes.” 
This was presented at the A. J. E. E. Midwinter Con- 
vention, February 1925. Measurements to determine 
the effect of a wide variety of impurities in the elec- 
trolyte were summarized and a proposed specification 
for using sulphuric acid in storage batteries presented 
for discussion. 


The Committee has suggested to the Standards 
Committee the desirability of revising and extending 
the section on storage batteries in the Standards of 
the Institute. The section on the method of rating 
storage batteries is not entirely clear at the present 
time. Serious difficulties in the industry have recently 
arisen in the matter of rating the various sizes and kinds 

*Annual Report of Committee on Electrochemistry and 
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George W. Vinal, Chairman - 


A. M. Hamann, W. A. Moore, John B. Whitebead, 
Car! Hering, W. E. Moore, ©. D. Woodward, 
E. T. Moore, J. A. Seede, J. Ll. McK. Yardley. 


Presented at the A. I. EB. E. Annual Convention, Saratoga 
Springs, N. Y., June 24, 1926. 


of storage batteries for use on automobiles and for 
radio purposes. However, the point to be considered, 
does not relate to the rating of particular types of 
batteries, but rather to the general principles for rating 
batteries and to clearer indication of how time and 
current ratings may be used. Revision of the definition 
of the word “charge” has been suggested as well as the 
possible addition of specifications for the purity.of the 
solutions. The Standards Committee has acted fav- 
orably on these suggestions and the appointment of a 
working committee to include a wide range of those 
interested in the subject of storage batteries has been 
authorized. Mr. Vinal has been chosen chairman of 
this working committee. 

A request for information on the physiological effects 
of electric currents, addressed to the Institute, has been 
referred to this Committee. In response to this 
inquiry a short bibliography on the subject has been. 
prepared. This bibliography does not contain refer- 
erences to the therapeutical or strictly medical aspects 
of the subject nor to electrocardiographs. Since 
information on this subject does not seem to be readily 
available elsewhere and as it may be of interest to 
others, the bibliography is appended hereto. 

The field of electrochemistry and electrometallurgy 
is so diverse, including as it does such contrasting 
subjects as potential measurements and electric fur- 
naces; electro-plating and storage batteries; electro- 
lytic rectifiers and the production of materials, that it is 
difficult to define its boundaries or to estimate the rela- 
tive importance of achievements in the various lines of 
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activity. Fortunately for the electrical engineer, 
interested in electrochemistry and electrometallurgy, 
there are available several up-to-date lists of titles of 
publications covering the entire field. These are found 
in both the monthly Bulletin of the American Electro- 
chemical Society and the monthly issues of Mining and 
Metallurgy. These lists are generally more up-to-date 
than the abstract journals. 

It is inevitable that no two summaries of the progress 
of the art in any particular field can be alike because of 
the limitations of individual knowledge and the trend of 
personal opinions. The following resumé, for which 
the Chairman of the Committee is largely responsible, 
aims to present very briefly significant points about the 
recent developments within the field of electrochemistry 
and electrometallurgy. 

The rapid growth of the automobile industry and the 
still more recent development of radio have resulted in a 
great expansion of the storage-battery industry. The 
vexed question of how to rate storage batteries of cer- 
tain types is still being discussed. Radio batteries are 
marketed as having a certain number of ampere-hours 
capacity, but no standard method of rating them has 
been adopted. One of the most notable, but less con- 
spicuous achievements, has been the production of thin 
plate batteries for airplane service. Plates of 0.050 
inch which would have been thought impossible not 
long ago are now in use. Contrasting the output of 
these batteries with the familiar automobile battery it is 
found that the capacity per pound has been increased 
from 50 to 75 per cent in spite of the handicap imposed 
in making them nonspillable. The life of the plates 
is from 50 to 100 cycles which together with the cost, 
limits their use to certain kinds of service. Our 
knowledge of the low temperature characteristics of 
these batteries has been extended. 

Primary batteries especially dry cells have ex- 
perienced notable developments chiefly as a result 
of the interest in radio. The production of dry cells 
which runs into the hundreds of. millions per year 
has been accompanied by a general improvement in the 
_ quality. The establishment of Standards of Perform- 
ance and the Specification of Tests have been instru- 
menta: in making this advance. The quality of well 
established brands has been improved, and by com- 
paring records of performance of 1918 with 1920 and 
1924, it is found that there are more manufacturers to- 
day whose cells comply with the government require- 
ments than in 1920 when the requirements were not as 
severe. The American Engineering Standards Com- 
mittee has asked the Bureau of Standards to act as 
sponsor for a representative sectional committee to 
undertake the standardization of dry cells and batteries. 
This committee is now being formed. 

Further development of electric furnaces involves the 
important question of improving the refractories. A 
symposium on the subject of refractories was held by 
the American Electrochemical Society at its Spring 
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Meeting in Philadelphia last year. During the slump 
after the War, there was some question as to whether 
electric melting of steel and brass would continue to 
increase at its former rate when conditions were again 
normal. The rate of increase now indicates that the 
“saturation” point is still far from being reached. Ex- 
periments have been reported that show a saving for the 
electric melting of brass over coke-fired pit furnaces. 
Improvements in automatic electrode control devices 
have been made. In the low-temperature furnace 
work and ovens for enameling, the adverse effect has 
been felt of certain recently developed auto finishes. 

High frequency induction furnaces are finding in- 
creased use for laboratory and experimental purposes 
and also for small scale production. The larger sizes 
are now operated on high frequency generators which 
have replaced the oscillatory spark gap. The smaller 
units may be operated by-electron tubes, obviating the 
risk of escaping mercury vapor. It is expected that 
applications to large scale uses will ultimately be made. 

Ring-type horizontal induction furnaces of six tons 
capacity and 800 kw. are now in use. 

From the standpoint of the electrical engineer the 
fertilizer industry represents an outlet for electrical 
energy that is dependent upon the demand for more 
concentrated fertilizers. Phosphoric acid is now made 
in the electric furnace. The development of processes 
for the fixation of nitrogen has indicated a _ trend 
toward decreased power requirements per unit of nitro- 
gen. The are process which was first developed in- 
volved a large power consumption. The cyanamid 
process, next in order of time, required only one fourth 
as much and more recently has come the synthetic 
ammonia process requiring only one sixteenth the 
power (without electrolytic hydrogen) of the are pro- 
cess. But in this last case it is evident that the elec- 
trical power requirements will depend very largely upon 
how successfully the electrolytic production of hydro- 
gen can compete with more strictly chemical methods. 
Electrolytic hydrogen is produced directly in a high 
state of purity which makes it well suited to the pur- 
pose. At the September meeting of the American 
Electrochemical Society to be held in Chattanooga 
there will be a symposium on the relation of the electro- 
chemical industry to the production of fertilizers. 
This is to include papers on phosphoric acid, the pro- 
duction of hydrogen and the fixation of nitrogen. 

Production of the lighter metals by electrolysis of 
fused salts has been stimulated by the demand for 
light-weight materials of construction and by the radio 
industry. Aluminum and magnesium are perhaps the 
most important. Developments in the technique of 
the electrolytic production of aluminum have been 
made during the past year. The ability to produce 
aluminum of very high purity will doubtless have an 
effect on its uses within the field of the electrical 
engineer. Experiments on beryllium and calcium have 
also been mentioned. A symposium on fused electro- 
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lytes was held at the Niagara Falls meeting of the 
Electrochemical Society, April 23-25, 1925. 

Improvements in the electrolytic production of other 
metals have been recorded and electrolytic tin has been 
added to the list of commercial products. 

Three methods for the production of electrolytic iron 
were described at the World Power Conference. During 
the discussion it was stated that electrolytic iron was an 
assured commercial possibility, but that it would not 
become a serious competitor of ordinary iron for some 
time to come. About 28 per cent of the caustic soda 
produced in this country is made by the electrolytic 
process. New outlets for chlorine products are being 
sought by the newly established Chlorine Institute, Inc. 
which has been created by a group of manufacturers. 

Electrolytic rectifiers have become a subject of re- 
newed interest as a result of the phenomenal growth of 
the radio industry. Improved forms of both the 
aluminum and tantalum rectifiers have recently 
appeared. These are designed for the charging of 
small batteries for radio receiving sets and the latter 
has also been found useful by railroads for charging 
signal batteries. Our knowledge of output and efficiency 
of these rectifiers in relation to the impressed voltage 
and the battery voltage has been clarified and the 
operating characteristics materially improved. 

A promising method for the study of the instantane- 
ous values of electrode potentials has been developed 
by the use of a resistance coupled vacuum-tube am- 
plifier in combination with the oscillograph. By 
means of this amplifier it is possible to obtain sufficient 
power to operate the oscillograph without polarization 
of the cell, and on the other hand with current flowing 
through the cell it is possible to distinguish between 
the electrode potential and the J R drop. 

Scientific methods are being extended in the field of 
electroplating. Results of research and much practical 
experience are gradually being welded into a compre- 
hensive theory of electrodeposition. The structure of 
electrodeposited metals has been studied and new 
methods for the regulation of plating baths and hydro- 
gen-ion control have been introduced. Electrolytic- 
ally deposited coverings for the prevention of corrosion 
have recently been the object of much study. The 
use of zinc for this purpose is increasing. Nickel does 
not afford complete protection at the present time, 
but the technique of nickel plating is being improved. 
Experiments have also been made on chromium and 
cadium. Other preventives of corrosion include al- 
ternate layers of copper and nickel and the plating of 
alloy deposits such as brass, bronze and mercury-zinc. 

Engineers are taking cognizance of the importance of 
the corrosion problem. The American Society of 
Testing Materials held a symposium on this subject 
in June 1924 and the American Electrochemical 
Society did likewise in October of the same year. More 
recently the American Chemical Society has taken the 
matter up and it is proposed to establish a corrosion 
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institute. Whatever may be the outcome of conflicting . 
opinions on the fundamental causes of corrosion, a 
theory for its prevention, involving both chemical and 
electrical agencies, will probably be ultimately agreed 
upon. 

Use of the earth current meter during the past year 
has been gradually extended and there appears to be a - 
general recognition that it affords a more accurate 
means for determining the rate of stray current corro- 
sion than has been available heretofore. Its use is 
limited by the time and expense involved in making the 
excavations necessary for its use. 

The recently published transactions of the first World 
Power Conference, London 1924 (Volume IV) contain 
papers on electrochemistry and electrometallurgy as 
follows: 


The Austrian Electrochemical Industry, Paweck. 

Small Waterpowers and Electrothermal and Electrochem- 
ical Loads, Bodex. 

Nitrogen Fixation, Halvorsen. 

A New Resistance Furnace with Reaction Zone, Holmgren. 

Electrochemical Industry in Sweden, Palmaer. 

Power in Electrochemical and Electrothermal Indusiries, 
Fitzgerald. 

Electrical Engineering as a Leading Factor in the Develop- 
ment of Modern Steelworks, Geyer. 

Electrolytic Iron, Hutchins. 

Electrometallurgy in Italy, Giolitti. 

Power in Electrometallurgy in the U. S., Mathewson. 


The electrical engineer who is interested in electro- 
chemistry as an outlet for power will find statistics of 
interest in several of these papers. 


Appendix 
PHYSIOLOGICAL EFFECTS OF ELECTRIC CURRENT 
1. PuHystotogicaL EFFECTS IN GENERAL 


Action of High Frequency Currents on Animals. Bordier & 
Le Comte, Compies Rendus 133, p. 1295, 1901. 

Action of High Frequency Currents on Animals, d’Arsonval, 
Comptes Rendus 133, p. 1297, 1901. - 

Arrest of Heart Action by Alternating Current, Battelli, 
Arch. d’elect. med., 11, p. 625, 1902. 

Intermittent currents of Low Tension, Leduc, Arch. d’elect. 
med., 11, p. 521, 1903. 

Effect of High Frequency Currents on Animals, Bordier, 
Arch. d’ elect. med., 11, p. 129, 1903. 

Production of Sleep by Electric Currents, Leduc, Comptes 
Rendus, 135, p. 199, 1902. 

Law of Action of Alternating Current on Organized Structures, 
Reiss, Zeit. Elektrochem., 13, p. 474, 1907. 

Conservation of Human Arterial Pressure after Application of 
High Frequency Currents, Bergonie, Braca and Ferrie, Comptes 
Rendus, 145, p. 526, 1907. 

Physiological Effects of Currents of High Tension and Fre- 
quency, d’Arsonval, Eleciricien, 31, pp. 241, 258, 279, 1906. 

Electromotive Forces Produced at Surface of Animal Mem- 
branes in Contact with Various Electrolytes, Galeotti, Zeit. f. 
Physiol. Chem., 49, p. 542, 1904. 

Physiological Effects of Alternating Currents at High Fre- 
quency, Thomson, Elect. World, 17, p. 214, 1891. 

Experiments with Alternating Currents of High Frequency, 
Tesla, Transactions A. I. E. E., 8, p. 267, 1891. . 

High Frequency Currents, d’Arsonval, L’Ind. Electrique, 
March 25, 1893. : al 
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Electrophysiological Current Generation, Zeit. 
Elektrochem., 28, p. 483, 1922. 

Stimulating Action of Electric Currents, Nernst, Preuss. 
Akad. Wissenchft. Berlin, p. 3, 1908. 

Mode of Action of High-Frequency Currents, Wertheim- 
Salomonson, Arch. d’elect. med., 16, p. 43, 1908. 

Theory of Electric Excitation, Lapicque, Comptes Rendus, 
p. 1054, 1908. 

Sur les effets physiologiques des courants electrique, Weiss, 
Bull. Soc. internat. des electriciens, Ser. III, Vol. 1, p. 417, 1911. 

Physiological Tolerance of Alternating Current up to Fre- 
quencies of 100,000, Kennelly and Alexanderson, Elec. World, 
56, 0.154, 1910, Same paper Bull. Soc. belge elect., 32, p. 92, 1915. 


2. RESISTANCE AND CONDUCTIVITY 


Electrica! Resistance of Human Body, Hooper, Elec. Rev., 
38, p. 821, 1901. 

Electrical Resistance of Human Body ‘Tissues, Bordier, 
Arch. d’elect. med., 11, p. 544, 1903. 

Electrical Resistance of the Human Body, Leduc, Arch. 
d’elect. med., 12, p. 43, 1904, and 13, p. 457, 1905. 

Electrical Conductivity of Human Body, Bucky, Elektrot. 
Zeit., 36, p. 673, 1915. 

The Human Body as an Electrical Conductor, Gildemeister, 
Elekt. Zeit., 40, p. 463, 1919. 

Electrical Resistance of the Human Body, Wenner, Martin and 
Forman, Physiol. Rev., 18, p. 141, 1921. 

Effect of Coagulation on Electrical Conductivity of Blood, 
Samoilov, Biochem. Zishr., 11, p. 210. 


Bentner, 


A YEAR’S PROGRESS IN LIGHTING 


701 


Resistance of Human Body, C. M. Dowse and C. E. Iredeli, 
Arch. Radiol. & Electrother., 25, p. 33, 1920. 


3. SHOCK AND ELECTROCUTION 


Electric Shocks, Aspinwall, Jour. I. HE. E., 31, p. 748, 1902. 

Electric Shocks at 500 Volts, Trotter, Jour. I. E. E., 31, 
p. 762, 1902. 

Electric Shocks, Jour. I. E. E., 31; p. 773, 1902. 

Death Due to Industrial Electric Currents, Bartelli, Arch. 
d’elect. med., 10, p. 777, 1902. 

Electrocution, Robinovitch, Arch. d’elect. med., 14, p. 3, 1906. 

Note sur un vetement protecteur contre les effets physiolo- 
giques des courants electriques, Artemieff, Bull. de la Soc. 
Internat. des Electriciens, Series III, Vol. 1, p. 496, 1911. 

Note au sujet du danger special des courants alternatifs 
provenant de la capacite. Guery ref. as above, p. 499. 

Experiences sur |’electrocution au laboratoire central electri- 
cite par la commission charges d’elaborer le texte de l’instruction 
sur les premiers soins a donner aux victimes des accidents elec- 
triques. Zacon, Bull. de la Soc. Internat. des Elect. Ser. III, 
Vol. 1, p. 487, 1911. 


4. POLARIZATION 
Polarization of Living Human Body, Chanoz, Comptes Rendus, 


147, p. 846, 1908. 


" Polarization of Electrodes which may be used for Electro- 
physiological Purposes. Gildemeister, Zeit. Biol. Tech. Meth., 
3, p. 28. 


A Year’s Progress in Lighting 


By Committee on Production and Application of Light! 


HE past year resembles the preceding one, in 
that the notable advances were those of better 
and more intensive application of available 

equipment and methods rather than of fundamenial 
discoveries. 

The really outstanding event of the year was a nation- 
wide campaign of education on home lighting. This 
activity was conducted by the entire electric lighting 
industry during the fall of 1924 and represented the 
most extensive cooperative movement ever undertaken 
by the electrical industry. Because of its noncom- 
mercial character it received widespread endorsement 
from school authorities, and culminated in an essay 
contest in which about one million high school pupils 
competed for valuable prizes. 

It is safe to say that, as a result of this campaign, the 
American public has a better understanding of light- 
ing, especially in the home, and is approaching such 
problems more intelligently. 

1. Annual Report of Committee on Production and Appli- 


eation of Light. 
G. H. Stickney, Chairman 
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In general, lighting has enjoyed a very healthful 
advance both in extent and quality of application. It 
has been a year of prosperity to the industry and of 
enhanced service to the people. 

As pointed out in previous reports, the best numerical 
figures available to indicate the growth of lighting 
application are in the number of incandescent lamps 
consumed. 

The large incandescent lamps represent the lighting 
of factories, stores, homes, streets, trains and similar 
places on circuits of electric service companies, electric 
and steam railways and other power plants. Of these 
large lamps, 263 million were sold in 1924, an increase 
of 71% per cent over 1923. 

The other major class is the miniature lamps of which 
about two-thirds are used on motor vehicles, one-sixth 
for flashlights and other small battery lamps, and one- 
sixth for Christmas trees and similar decorative pur- 
poses. Of this class about 188 million lamps were sold, 
or an increase of 8 per cent over 1923. 

These figures are quite conservative, since they indi- 
cate only the number of lamps and are not weighted 
according to the size of lamps. Particularly in the 
large lamp group there is a tendency toward the use of 
higher power lamps. Had the measure been in terms 
of wattage capacity, the increase would presumably 
have been greater, or if in lumen capacity, still greater. 
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Such figures will soon be available and are desirable 
for certain kinds of comparison. The simple, numerical 
figure is, however, suitable for the present purpose. 


Illuminants. Present-day illuminants are still far 
below the scientific ideals of efficiency, and considerable 
experimental investigation is underway. While favor- 
able indications have been observed, no important 
practical improvements have been reported. 

Frequent minor improvements have been made in 
incandescent lamps, but these have been mostly in the 
nature of refinements that do not receive prominent 
recognition by the users. That the improved manu- 
facturing appliances mentioned in previous reports 
have brought results, is evidenced by the several 
reductions in lamp prices. It is also reported that the 
average quality of the lamps has improved during the 
year. 

A general exposition of the advance of incandescent 
lamp quality since Mr. Edison’s invention was given 
by J. W. Howell, in his address? (on receiving the 
Edison Medal) at the 1925 Midwinter Convention. 

In last year’s report mention was made of the ten- 
dency toward the use of the ring-shaped filament, that 
is, a helically coiled filament formed into an open ring. 
More recently there has been a tendency to warp the 
ring so as to give a higher horizontal component of light. 


With the application of incandescent lamps to new 
uses, there is a constant tendency to multiply the 
number of special types, bases, and other features, 
which interfere with interchangeability, increase lamp 
costs, and often introduce confusion in the selection 
of lamps, as well as delay in securing them. Lamp 
Engineers are constantly studying means of simplifying 
and standardizing. The great advantage of standardi- 
zation to light users is particularly evident to those 
familiar with conditions abroad where less progress 
has been made toward eliminating unnecessary 
variations. 

Considerable experimental work has been done on 
diffusing finishes for lamp bulbs, with the view of 
effectively meeting the various demands of lighting 
practise. Some of these promise real improvement in 
the near future. 

During the past year or two there has been an increase 
in accuracy of incandescent lamp manufacture, partic- 
ularly in the focus types where small tolerance of light 
center length is important. 

The automobile rear lamp has been raised from two 
to three candlepower and improved in efficiency. 
Experiments have been made with automobile head- 
light lamps, having two equal power filaments, to 
produce a suitable dipping of beam by switching from 
one filament to the other. Much experimental work 
has been carried on for the Government and others to 
adapt the incandescent lamp to the various require- 


2. See A. I. E. E. Journat, March 1925, p. 310. 
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ments of night flying, and considerable improvement 
has been made during the year. 

Candle Power Standard. A remarkable research ex- 
tending over several years and reported in 1924, culmi- 
nated in a proposal of a primary standard of candle 
power. All previous primary standards have been so 
subject to variation for one cause or another, as to be too 
inaccurate for standardizing purposes. In 1910, the 
United States Bureau of Standards cooperated with the 
English and French National Laboratories in estab- 
lishing the international unit of candle power recorded 
in the construction of incandescent lamps.. No other 
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Fig. 1—New Primary STANDARD oF CANDLE Power PrRO- 


POSED BY Dr. H. E. Ives 


Device for producing black body radiation at melting point of platinum 
showing slitted cylinder of platinum and support. (See text.) 


method compared with this for accuracy. The de- 
sirability of an absolute standard, which can be repro- 
duced from specification and which will avoid any 
possibility of drift, is obvious. While it is too early to 
say absolutely that this has been accomplished, the 
indications are that it has. The standard device 
consists of a cylindrical platinum fuse with a longitudi- 
nal slit. This is supported by conductors at both ends 
and heated by an electric current. A certain section 
of the interior as viewed through the slit has been 
found to follow the “black body” law, and readings 
are taken with increasing temperature up to the point 
where the platinum melts, blowing the fuse. In other 
words, the method measures the light emitted by a 
black body at the melting point of platinum, a condition 
which has been regarded as most likely to give a suitable 
primary standard. 

Lighting Practise. No radically new devices have 
come out. The general tendencies recorded in last 
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year’s report have continued. In commercial lighting, 
the shallow enclosing globe has seemed the most 
popular, although there has been a growing use of cer- 
tain forms of indirect and semi-indirect units, especially 
in the highest grades of installations where accurate 
vision is important. 

In the interest of eyesight conservation it is grati- 
fying to note the continuing spread of appreciation of 
the need of good lighting in schools. This will no 
doubt be stimulated by the new American Engineering 
Standard Code of School Lighting. There is still a 


serious economic resistance, and it is still true that - 


when daylight fails, the student is less adequately 
eared for than the office worker. Nevertheless the 
year has witnessed a large increase in the number of 
reasonably adequate installations. 

Store window lighting has been a field of increased 
activity. Thedatareferredtoin last year’s report have 
apparently been effective in convincing merchants of 
the sales value of light. Colored light and spot lights 
are being extensively used and are making the mer- 
chandise more interesting to look at. In the business 
sections, the practise of providing strong illumination 
in the daytime for the purpose of eliminating external 
reflections or rendering the displays more effective, 
has grown rapidly. 

The advance in levels of window lighting is indicated 
by the fact that equipment manufacturers have found 
it desirable to develop and market reflectors for 300- 
and 500-watt lamps, whereas a year ago the reflector 
for 150-watt lamps was the largest in common use. 

In industrial lighting the steel dome, because of its 
economy, coupled with moderate diffusion, is still the 
most common equipment, but in many processes a 
combination glass and steel unit, and the various forms 
of opal and prismatic globe equipments, are being 
preferred because of their greater diffusion. Ilumi- 
nation levels are still being raised. After a survey of 
the situation the electric lighting industry has concluded 
that the time is ripe for increased activity -in the 
industrial field, and an extensive campaign is projected 
for the fall of 1925. 

Home lighting is more essentially an artistic problem 
than an engineering problem. However, certain engi- 
neering and utilitarian features are deserving of more 
attention, and it is important that artistic considera- 
tions include the lighting effect as well as the design 
of the equipment. The trend of practise is toward 
better diffusion and more illumination, avoiding what 
has been aptly termed “glare and gloom.” 

The use of portable lamps is spreading rapidly, with 
an increasing use of those which direct considerable 
light to the ceiling, for redirection. Portable equip- 
ment has certain features of flexibility which permit the 
exercise of personal taste. It is also becoming quite 
common for housewives to make their own shades. 
While some of these are not particularly effective, they 
permit a rather free expression of personal taste and 
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improvements may be expected through a better 
understanding of the possibilities. The best practise 
for general rooms usually requires a combination of 
fixed and portable equipment, and it is desirable that 
wiring should be planned to accommodate both types. 
The kitchen lighting movement which was reported 
as very active last year has been less conspicuous, in 
contrast to the educational movement of 1925. Never- 
theless it is probable that the number of improved 
installations in kitchens has continued to increase. 
Electric Light Wiring. One of the problems con- 
fronting the engineers who are endeavoring to improve 
lighting practise is the tendency to stint in the wiring 
of buildings and fail to provide outlets in locations 
necessary to produce suitable illumination. In order 
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Fig. 2—Sien Ligutine, SHOWING ONE OF THE WORLD’S LARGEST 
Signs oN Broapway, New Yor« 


The upper sign employs nearly 20,000 incandescent lamps. 


to call attention to this question and encourage better 
provision, a so-called ‘‘Red Seal’’ campaign has been 
instituted under the direction of the Society for Elec- 
trical Development and installations complying with 
an accepted standard are indicated by a red seal. 

The progress in the application of the elexit or 
disconnecting support for lighting units has been 
somewhat disappointing, in view of the inherent ad- 
vantages of such a scheme. They are being found 
exceedingly useful in luminaire display rooms, and it is 
probable that such use will stimulate their application 
elsewhere. 

Outdoor Lighting. Larger and better things are being 
done in sign lighting and the use of higher power lamps 
which was formerly confined to a few important centers, 
is becoming common in smaller cities and less central 
locations. To what an extent illuminated advertising 
is contributing to the illumination of metropolitan 
business districts can only be appreciated by visiting 
those sections at the very late hours when it has ceased 
to function. By contrast, the regular street lighting 
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seems surprisingly faint. One large sign installed in 
1924 contained 19,000 lamp sockets. 

~ Colored floodlighting, especially in connection with 
flashing effects, is finding considerable application, both 
for advertising signs and for buildings. 
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A large playing card factory at Cincinnati has one of the largest of the recent installations. 
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The trend is still toward the ornamental units and 
poles. Twin units have been used to some extent in 
white-way lghting, although these are usually less 
economical than the single higher power unit. 

Recent statistics on the sale of series incandescent 


3—FLOODLIGHTING FOR PusBuiciry Purposss 


Hight 500-watt floodlightsillumine the tower, twenty- 


four 1000-watt floodlights light the facades facing the camera, and eight more are projected on surfaces facing in another direction and therefore not 


shown. 


Street Lighting. Street lighting has been quite active 
during the year. It is estimated that the new and 
replacing installations of 1924 required about fifteen 
per cent more equipment than those of 1923, which in 
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Atlantic City has, in some sections, to be illuminated from one edge only. 
Specially devised ornamental units direct the larger portion of the light 
across the walk and still provide a lower illumination on the beach without 
shadows on the globes. Width of walk 60 ft., spacing of posts 70 ft., size 
of lamps 750-watt. Photo taken late at night after sign and show window 
lights were extinguished. 

Each unit is arranged so that light from a 200-watt lamp symmetrically 
directed can be-‘switched on. 


itself had shown quite an advance. The vast majority 
of these installations utilize the gas-filled tungsten 
lamp. 

There have been minor improvements in transforming 
and other accessory equipment, as well as a few im- 
proved designs of luminaires. 


lamps indicate that over 60 per cent are of 1000 lumens 
or less. In the opinion of engineers who have made 
general analysis of street lighting costs this percentage 
is too high and better economic conditions would 
exist if larger lamps were being used. This is based on 
the principle that the cost of service increases much 
less rapidly than the volume of light. The tendency is 
in the right direction, but greater progress is desirable. 

In residence and other secondary streets, the asym- 
metrical types of distribution seem to have proved their 
worth. Some discussion is still going on as to the 
merit of various characteristics of asymmetrical distri- 
bution, and it is probable that the next few years 
experience will bring out a better general understanding 
as to the types and degrees suited for different street 
lighting problems. 

Asymmetrical lighting of highways, utilizing equip- 
ment designed to deliver the maximum illumination on 
the road surface is meeting with considerable success, 
and promises to provide the best solution for the 
problem of handling heavy night traffic on important 
roads. 

Extensive experimental studies preliminary to es- 
tablishing improved street lighting have been underway 
in a number of cities, notably Indianapolis, Indiana; 
Columbus, Ohio and St. Louis, Missouri. It is re- 
ported that the investigation in Indianapolis has led 
to a decision to install a new unified system through that 
city. 

During the year, a cooperative study of urban street 
lighting was made by a committee appointed jointly 
by the New York State Conference of Mayors and 
other City Officials and the Empire State Gas and 
Electric Association. This committee has made a 
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constructive recommendation regarding practises to 
be followed and standards of lighting to be adopted for 
various classes of streets. 

A general committee of the National Electric Light 
Association has been studying the problems of street 
lighting and is preparing a report which should be of 
considerable value. 

Still other street lighting activities are underway, and 
studies by simultaneous comparison in demonstrations 
are being made. With the existing need and the wide- 
spread study of the various problems, it is probable 
that the next few years will witness a rapid advance in 
this field. 

Trafic Signal Lighting. Closely associated with 
street lighting is the traffic signal lighting. This falls 
in two main classes. 

The flashing traffic beacons which merely warn of an 
intersection, are placed at moderately congested points 
of cities, towns and interurban roads. Electric signals 
of this sort are being installed in considerable number. 

The second group is the traffic control signals for 


Fie. 5—Hicguway LigHrinac—PLEASANTVILLE BOULEVARD, 
AtLantTic Crry, InuumiInatTeD witH 2500 Lumen (250 oc. P.) 
Lamps In Unit DesIGNED TO CONCENTRATE LIGHT ON ROADWAY 


Units about 25 ft. high, spaced one for each 225 ft. of road, staggered. 
Central motor way, glossy surface, about 28 ft. wide, wagon way on each 
side about 15 ft. wide. 


controling the movement of traffic in congested dis- 
tricts. It has been found expedient to synchronize 
the various signals of each district, and to extend the 
system some distance beyond the points of traffic 
congestion. Not only does this sort of a system reduce 
accidents by speeding traffic, but it reduces the con- 
gestion, not to mention the convenience resulting to the 
motorist. A considerable number of such installations 
have been made during the past year and many others 
are projected. 

A notable example is that on Broadway, New York 
City, from Rector Street to 86th Street, a distance of 
six miles. 
interesting features. It is arranged so as to avoid 
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This system contains a number of new and’ 
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obstructing the roadway and requires only six police 
officers for its operations, where an earlier form would 
have required at least twenty-six. Moreover, these 
officers are on the street level and so quickly available 
for emergencies. A parallel system is about to be 
installed in Seventh Avenue. 

Other Practises. Lighting practises in the operation 
of railroads are extending rapidly. While floodlighting 
of railway classification yards is not new, recent investi- 
gations have brought about a considerable extension of 
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New installation on Broadway, New York, showing arrangement for 
locating signals conspicuously over line of travel without obstructing 
traffic. 


such lighting and a more definite crystallization of the 
practise. The Association of Railway Electrical Engi- 
neers is undertaking the preparation of a comprehensive 
manual of railroad lighting practises. 

Electric lighting is contributing much to the facility 
and safety of surgical operations. Much better lighting 
is being provided in some of the leading operating 
rooms, and various small lamps are playing an im- 
portant part in lighting internal organs. Although not 
new during the year, there appears to have been but 
little menticn in engineering circles of an instrument for 
entering the stomach or lungs through the mouth. 
By the light ot the smallest lamp made, it is possible 
to examine the walls of these organs, remove foreign 
matter, such as tacks or pins, and perform other opera- 
tions in the saving of life. 

In the newer applications of artificial light, such as 
night flying, plant growth control, the use of polarized 
light to study internal strains of structural forms, con- 
siderable progress has been made. 
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Education. Educational work has been carried on 
extensively. Besides a number of classes which have 
been operated by various organizations, notably the 
incandescent lamp manufacturers, an extensive course 
to train illuminating engineers for electric service 
companies was operated jointly by the Hluminating 
Engineering Society and the National Electric Light 
Association. This group of students came together 
in Chicago, visited South Bend, Detroit, Cleveland, 
Washington, New York and vicinity, Boston and 
Lynn. Lectures were given in Cleveland, New York 
and Harrison. and representative illuminating engi- 
neering departments were visited and studied. 

Another large lighting demonstration has been opened 
since the beginning of 1925 and in a number of European 
cities, demonstrations have been patterned after the 
American practise. The European activity in this 
field has no doubt been considerably stimulated by 
American engineers who have been abroad during the 
year, and several of whom presented important papers 
on lighting practise at the Geneva meeting of the Inter- 
national Commission on I]lumination. 


An installation partly completed at Selkirk, N. Y. which employs nearly 
100 floodlights, 1000 watts each, projecting light along the road in both 
directions. 


At this meeting, the commission which has in the 
past centered its attention on standards, and highly 
technical phases, decided to place more emphasis on 
practise and. applications. The 1927 meeting is 
scheduled to be held in the United States. 

‘During 1924, the State of Washington adopted an 
industrial lighting code, making the tenth state to take 
such action. These ten states represent a population 
of about 42,000,000. ; 

The revised School Lighting Code, initiated by the 
Illuminating Engineering Society, has become an 
American Engineering Standard .under the joint 
sponsorship of the American Institute of Architects and 
the Illuminating Engineering Society. 
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Industrial Lighting Tests. It has been generally 
assumed that good illumination was warranted econom- 
ically through its influence in speeding production. 
Data supporting this view has been accumulating for 
several years. The National Research Council is 
undertaking an extensive series of tests, which when 
completed should provide authoritative figures over a 
range of representative industries. The Council is 
undertaking to study the welfare aspect as well as the 
economic. Because of the extent of the problem as 
well as the thoroughness of the methods, the results are 
not expected to be available for at least another year. 


COMMITTEE ACTIVITY 


The Committee on Production and Application of 
Light is composed for the most part of members who are 
widely separated geographically. 

This is suitable for the general work of the committee 
but precludes full attendance at meetings. Asa result, 
after the original organization meeting each year, practi- 
cally all business has been conducted by correspondence. 

The organization meeting for the current year was 
held at A. I. E. E. headquarters, October 9, 1924, three 
members being in attendance. Because of this small 
attendance, the Chairman submitted the minutes to 
the entire committee for comment before considering 
the action final. No criticism was received. 


The committee organization of last year was re- 
tained; Dr. B. E. Shackelford being detailed to solicit 
papers for conventions, Mr. W. M. Skiff being retained in 
charge of securing Illumination Items and fillers for the 
A. I. E. E. JouRNAL and Mr. G. H. Stickney was asked 
to supervise the preparation of the Annual Report. It 
was decided to continue previous policies and plans. 

Later in the year the question of representation on 
the Standards Committee came up and was handled by 
correspondence. Since the Chairman was already 
attending the meetings of that committee in another 
capacity, it was considered expedient that he represent 
this committee. 


Illumination Items. Because of the relation of the 
Institute membership to the lighting art, this has 
seemed to provide the best method of presenting a 
larger part of the lighting material to the organization. 
Throughout the year, the Editor of the JOURNAL has 
been kept supplied with items in advance of his re- 
quirements in ample quantity to fill all of the space 
which he deemed it expedient to devote to this subject. 

Convention Papers. Considering the state of the 
art and the interests of the membership, the committee 
has not considered it expedient to place many papers 
on the convention programs. Two papers have been - 
arranged for presentation at national conventions 
during the year, viz., “Street Lighting—A Municipal 
Problem,” by Rich D. Whitney—Pacific Coast Con- 
vention, Pasadena, October, 1924, “‘Automotive Head- 
lighting,” by J. H. Hunt,—St. Louis Convention, 
April, 1925. 
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Preliminary arrangements are underway for securing 
several papers for future conventions. A paper had 
been arranged for the regional meeting at Cleveland, 
but has been held in abeyance since the withdrawal of 
this meeting. 

Cooperation with Branches. No convenient means 
seems to be yet available for cooperating with Branches. 
The Chairman has been informally experimenting, not 
in the name of the Institute, with one university in the 
hope of arriving at a plan. A course of lectures was 
arranged and is now being carried out. At the termi- 
nation of this course, it may be possible to draw some 
conclusion as to its effect. A subcommittee under the 
chairmanship of Professor H. H. Higbiehas been studying 
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the problem, and it is hoped that a report will be 
received in time to be of assistance to next year’s 
committee. 

Lighting Publicity. A system is in vogue whereby 
members of the committee reviewing original Illumi- 
nation Items indicate other publications likely to be 
interested in the material, whereupon the Editor of the 
JOURNAL undertakes to furnish proof of article to the 
designated periodicals with release dates. 

In conclusion, the Chairman wishes to acknowledge 
the cordiality which has been extended to him by the 
entire committee, and especially the active cooperation 
of those members who have assumed the specific 
tasks already mentioned. 


Recent Advances in the Communication Art 


By Committee on Communication! 


HE name of this committee has been changed from 
“Telegraphy and Telephony Committee’ to 
“Committee on Communication.’ This was done 

in accordance with a recommendation of the special 
committee who reviewed the technical activities of the 
Institute. The Communication Committee feels that 
this is a desirable change in name. 

In this report, under appropriate headings, are 
. briefly summarized the advances which have been 
made, or which have come into prominence in the 
communication art during the past year. Thirteen 
papers have been presented to the Institute under the 
- auspices of this Committee. These papers are in 
general a record of advances in the art, and are men- 
tioned under the appropriate headings in the report. 

Telegraphy. The development of long telephone 
cables of 19 and 16-gage, capable of operating for 
distances of 1000 miles and more, has led to the develop- 


ment of telegraph systems suitable for operating 


through these cables. These telegraph systems, de- 
veloped by the engineers of the Bell Telephone System, 
were described in three papers presented at the Mid- 
winter Convention. The titles of these papers were 
“Metallic Polar Duplex Telegraph System for Long 
Small-Gage Cables,’ “Voice Frequency Carrier Tele- 
graph Systems for Cables” and “Polarized Telegraph 
Relays.” 

The first paper describes a type of telegraph circuit, 
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designed to operate over cable telephone wires at 
frequencies below the telephone range, and without 
interfering with the telephone circuits using these same 
wires. In this system it was necessary to reduce the 
telegraph operating currents to values comparable 
with those used in the telephone circuits in order to 
prevent interference with the telephone circuits by the 
telegraph circuits. One form of interference which 
has. thus been avoided is called the “flutter effect”? and 
is caused by the telegraph currents affecting the mag- 
netic characteristics of the loading coils in the telephone 
circuit, so ag to cause a rapid fluctuation of received 
current. This telegraph system is on a balanced two- 
wire basis in order to diminish cross-fire between tele- 
graph currents and the effect of any currents induced 
in the cable. 

The second paper describes a carrier type of tele- 
graph system which makes use of a regular four-wire 
long distance cable circuit. No telephoning is carried 
on over the circuit when employed for the telegraph 
system, but the frequencies which are ordinarily in- 
volved in a telephone conversation are used to trans- 
mit ten telegraph messages in each direction. A 
separate frequency is employed for each message 
spaced in the frequency range from about 400 to 2000 
cycles. No change is required in the telephone circuit. 
except at its terminals. 

These telegraph systems required the development of 
very sensitive and reliable relays which are described 
in the third paper noted. 

Submarine Telegraphy. The Western Union Tele- 
graph Company has put into service its new permalloy 
loaded: submarine telegraph cable between New York 
and the Azores Islands. This type of cable, developed 
by the Western Electric Company, was described in 
last year’s report. It represents the most radical 
change in the submarine cable art since its earliest days. 
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The finished cable has fully met the expectations stated 
in the last report, and has so well established the suc- 
cess of this type of cable that the Western Union has 
ordered a second loaded cable to be laid between New 
York and Penzance, England, by way of Newfoundland. 
A paper describing the development of this type of 
cable will be presented at this convention. 

During the year 1924, the Western Union Telegraph 
Company developed a printing telegraph system for 
use on ocean cables. It has been in commercial opera- 
tion on a transatlantic cable circuit between London 
and New York. In this system, signals sent from a 
transmitter at London are translated and printed in 
Roman characters at New York without manual 
handling at any of the intermediate repeater 
stations. 

The initial circuit consists of an underground pair 
between London and Penzance, England, 312 miles; 
ocean cable, Penzance to Valentia, Ireland, 307 nautical 
miles; ocean cable, Valentia to Heart’s Content, New- 
foundland, 1874 nautical miles; Heart’s Content to 
North Sydney, Nova Scotia, 335 nautical miles; 
overhead land-line North Sydney to New York, 1110 
miles; or a total of approximately 3900 miles. Re- 
generative automatic repeaters which regenerate the 
signaling impulses as to strength, shape and time are 
used at Penzance, Valentia, Heart’s Content and 
North Sydney and universal duplex repeaters are used 
cat St. John (New Brunswick) and Boston. 

The code used is of the five-unit type, the same as is 
used in the Western Union Multiplex system. Tape 
printers are used at New York for translating the 
signals. The printer prints in Roman characters upon 
a gummed strip of paper 3¢ in. wide and this strip is 
gummed to regular cable message receiving forms for 
delivery. 

Telephone Signaling. The use of 16 to 20 cycles 
alternating current for telephone signaling was 
developed in the very early days of the art, and is still 
employed, not only for ringing subscribers, but also 
for signaling on many toll lines. 

The introduction of composite telegraph circuits 
brought about the introduction of 135 cycles for 
signaling, in order that the signaling should be at a 
frequency which was not used in the telegraph signals. 
Considerable improvements have been made recently 
in 135-cycle signaling, and it is being employed on very 
long circuits requiring many repeaters. 

More recently voice-frequency signaling systems 
have been developed particularly for operation over 
very long repeater circuits. By thus using a frequency 
in the voice range, any circuit over which speech can be 
effectively transmitted also effectively transmits signal- 
ing currents of this frequency. Since the signaling is 
carried out at intervals when there is no talking on the 
circuits, there is no interference with the speech 
currents. It is evidently necessary, however, that 
some means be provided to prevent the speech currents 
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from operating the relays employed with this system. 
This is taken care of by interrupting the signaling 
current approximately 20 times per second, thus pro- 
ducing a form of current which is not produced by the 
voice. A relay system arranged to operate with such 
current will not be operated, therefore, by any voice 
current. 

An improved signaling system for taking care of the 
signaling and control arrangements necessary for 
handling calls over the wires of a toll circuit group, is 
being applied in the toll plant. By the use of this 
system the signaling and control arrangements for 
as many as 30 circuits are handled over a single pair 
of wires, thus freeing a large number of channels for 
telegraph purposes. 

Machine Switching. During the past year, continued 
progress has been made in perfecting improvements in 
machine-switching equipments. These improvements 
are the result of intensive development work and have 
been made with a view of facilitating manufacture, 
installation and operation of central offices and private 
branch exchanges of this type. Progress has also 
been made in the development of new maintenance 
methods and tools, and in stabilizing the maintenance 
methods employed. This is of importance due to the 
large amount of apparatus involved in automatic 
operation, and the dependence that must be placed 
on it when connections are completed by machine 
switching. 

The theory of probability plays a very important 
part in the design of switching systems, and in the 
determination of the amount of facilities required to 
meet various traffic conditions. A paper on “The 
Theory of Probability and Some Applications to 
Engineering Problems” was presented at the Midwinter 
Convention. Only a very few papers on this important 
subject have ever been presented to the Institute. 

On December 31, 1924, there were 993,000 stations 
operating on a machine switching basis in the Bell 
System as compared with 567,800 switching stations 
at the end of 1928. In New York City there were 
185,800 machine switching stations in service on 
December 31, 1924, operated from a total of 21 central 
offices. 

The application of machine switching to the toll 
plant is being studied with a view to determining where 
it can be employed to advantage. An installation is 
being made of this system on a commercial basis and 
if found successful it will be extended. 

Coincident with the development work on machine- 
switching equipments, considerable progress has been 
made in manual switching, particularly with respect 
to trunking methods. These improvements have been ~ 
effected largely by the increased use of automatic 
methods in connection with the manual handling of 
calls and have resulted in reducing the manual labor 
necessary in completing telephone connections. 

Telephone Distributing Frame Wire. Improvements 
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in means for flame-proofing wires, developed in the 
Bell System’s Laboratories, have resulted in the pro- 
duction of rubber-insulated wire showing resistance 
to burning fully equivalent to that obtained in flame- 
proofed enamel and textile insulated wires. This wire 
is particularly adapted for use in the distributing 
frames of central offices. The rubber-insulated wire, 
so flame-proofed, possesses advantages in electrical 
characteristics and cost over alternative forms. 

Telephone Transmission. An extensive investigation 
has been carried out by the Bell Telephone engineers 
with regard to the characteristics of speech and of 
hearing. A considerable number of papers have been 
published on this work. This analysis of the charac- 
teristics of speech has made it possible to determine 
accurately the effect of different frequency ranges on 
the intelligibility, loudness and naturalness of the 
spoken word. It is interesting to note that a large 
proportion of the energy of the voice is in the low 
range of frequencies of a few hundred cycles, while the 
higher frequencies up to several thousand cycles are 
of importance in providing clear articulation. As a 
by-product of these researches, important scientific 
results are being obtained regarding the nature of 
hearing, and methods of aiding the deaf and the dumb. 

A paper entitled “Telephone Transmission Mainte- 
nance Practises,”’ read at the Pacific Coast Convention, 
described the practise employed by the telephone com- 
panies in this country to guarantee their circuits 
maintaining a condition for giving the best transmission 
results. These practises are of the greatest importance 
in maintaining both toll and local circuits. 

A paper read at the San Francisco Convention, 
entitled “‘Guided and Radiated Energy in Wire Trans- 
mission,” gives a good discussion of transmission 
over wire circuits, and the conditions under which 
part of the energy is radiated from such circuits. 
This is a matter of fundamental technical importance 
since so much of our electrical art depends on the fact 
that electromagnetic waves may be guided by con- 
ducting wires. 

Telephone Circuits have become so long, both 
geographically and electrically that echoes may be set 
up in them. The effects produced are very similar to 
those with sound waves. Whenever a voice wave 
meets an electrical irregularity in a circuit, some part 
of the wave is reflected. If the time required for the 
speech waves to travel to the irregularity and for the 
reflected waves to return to the speaker or listener 
is sufficiently great, the effect becomes an echo. A 
discussion of such echo effects and arrangements de- 
vised for avoiding them where they become of impor- 
tance was described in a paper before the St. Louis 
Convention entitled “Echo Suppressors for Long 
Telephone Circuits.” It is in telephone circuits of 
such length as to require a number of repeaters, 
particularly in long cable circuits that the effects may 
become sufficiently serious to justify the echo sup- 
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pressors which are described. With these suppressors, 
the speech currents operate relays which block the 
echoes without disturbing the main transmission. 

Outside Plant Practises. Tests of full size poles of the 
various timbers used in telephone work have recently 
been made by the Bell System engineers, in order to 
redetermine their moduli of rupture. These tests are 
probably the most comprehensive that have ever been 
made on full size specimens, and it is hoped that a 
paper can be obtained during the coming year de- 
scribing the tests and giving the results obtained. 

Drop wire having the two insulated conductors placed 
parallel under a common braid has been standardized 
for use in the Bell System. This is the type of wire 
used generally for connecting subscribers’ stations with 
the nearest cable terminals. The new construction, 
in place of the twisted pair construction formerly 
employed, results in reduced accumulation of ice 
loads, better resistance to abrasion, and in simplified 
insulating supports. It costs less because of reduction 
in material required and simplification of the manu- 
facturing operation. Extensive trials have shown that 
the long twists which occur in the remova! of the wire 
from the coils, in view of the conditions under which 
it is used, are sufficient to prevent cross-talk between 
adjacent circuits. 

Radio. International radio telegraph circuits have 
continued to grow during the year 1924. The Radio 
Corporation of America has inaugurated a direct 
service between the United States and Sweden; and 
between the United States and Argentine—this being 
the first direct radio link between New York and South 
America. This Company has also established a sta- 
tion at Belfast, Maine, for reception of messages from 
Europe. The signals recerved are automatically re- 
layed by radio to the Riverhead receiving station. 
Because of reduced static, and.also the somewhat 
shorter distance, the signals received at Maine and thus 
relayed to Riverhead are generally considerably better 
than those received directly at Riverhead. 

Considerable progress has been made during the 
year in the substitution in the marine field of tube trans- 
mitters generating sustained oscillations for spark 
transmitters. This results in increased range of 
communication and decreased interference, both in the 
The 
Radio Corporation has completed its program for 
installing tube transmitters in all of its shore stations, 
and has inaugurated a program for converting the ship 
spark transmitters in which it is interested into tube 
transmitters. 

Marked interest is being taken by shipping companies 
in the use cf radio direction finders aboard ships. With 
the increased number of new ship installations, the 
Lighthouse Division of the Bureau of Commerce and 
Labor are increasing the number of radio beacons which 
will be equipped with tube transmitters. Ship instal- 
lations of this kind are not only of importance in 
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determining the position of a ship, but also enable it 
to determine quickly the direction of a ship in distress. 

An interesting development in ship-to-ship and 
ship-to-shore telephony are the radio sets built by the 
Western Electric Company for the United States Coast 
Guard. These sets were designed to give voice trans- 
mission up to 50 miles, and telegraph transmission up 
to 100 miles. They use one-wave length only, which 
will lie between 100 and 200 meters. The transmitter 
is of the coupled oscillator type, of 50 watts output, and 
the receiver is of the double detection (so-called super- 
heterodyne) type. 

A brief statement was given in last year’s report of the 
developments in the use of short waves of 100 meters 
and less, and the surprising results which had been 
obtained with them under some conditions. A large 
amount of further information has been obtained as 
to the characteristics of these waves, and attempts have 
been made to explain their action from the theoretical 
standpoint by Larmor (Phil. Mag. December 1924) 
and by Nichols and Schelling (Bell System Technical 
Journal), April 1925). While much more remains to 
be done before it will be possible to predict definitely 
the action of such waves, they are already being put 
into important practical use for telegraph purposes. 
Four of the long transatlantic circuits are now being 
supplemented by short-wave systems. These systems 
are still largely experimental, but it is understood they 
give promise of having considerable value. It has not 
yet developed, however, whether these short waves will 
displace the present use of long waves, or will rather 
enlarge the possibilities of radio. 


The interest in these short waves led to a conference 
in England during July last, attended by representa- 
tives of the large radio telegraph companies in Europe 
and America. This conference discussed ways and 
means of intensively studying the short wave field. 
The use of short waves involves interesting and im- 
portant possibilities of using directive systems at both 
the transmitting and receiving stations. 


Under the auspices of the American Engineering 
Standards Committee, a Sectional Committee on Radio 
has been organized for the purpose of formulating 
standards in the radio field, particularly with respect 
to nomenclature and methods of rating and testing 
apparatus. The sponsor bodies are the American 
Institute of Electrical Engineers and the Institute of 
Radio Engineers. 


Last year’s report mentioned the fact that weekly 
tests of telephone transmission from America to Europe 
were being carried out, and that a committee appointed 
by the British Post Office had recommended the 
installation of a 200-kw. telephone transmitter at 
its new Rugby station for transmission to America. 
These weekly tests have been continued throughout the 
past year and the British Post Office is proceeding with 
the installation of the transmitter as noted. 
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The production in considerable quantity of high- 
frequency alternating currents for radio transmission 
involves some very important technical problems. A 
paper on “Frequency Multiplication,” read at the St. 
Louis Convention, discusses one of the means of pro- 
ducing such high frequency currents. 

Radio Broadcasting. Radio telephone broadcasting 
continues with unabated public interest. From the 
transmitting standpoint, there has been a steady in- 
crease in the number of better grade broadcasting 
stations. The problem of providing a sufficient num- 
ber of frequency bands in which to accommodate them 
has become a serious one to the authorities of the 
Department of Commerce, no satisfactory solution 
having as yet been found. This matter, as well as 
other aspects of the broadcasting situation, was the 
subject of a National Radio Conference in October 
last—the third to have been called by Secretary . 
Hoover. 

The developments which have been made in the art 
of connecting together a considerable number of 
broadcasting stations by long distance wire telephone 
circuits is strikingly indicated by the arrangements 
which are now made for broadcasting national events. 
For example, a speech by President Coolidge on No- 
vember 3, was broadcast. simultaneously by 28 radio 
broadcasting stations scattered over the entire country 
from the eastern to the western seaboard. 

Considerable development has been made in re- 
ceiving sets. Regenerative equipment in which self 
oscillation is prevented only by proper manipulation 
by the operator, is coming into disfavor and being - 
supplanted by sets employing multi-stage radio fre- 
quency amplification, or sets of the so-called “super- 
heterodyne” type. Sets of these types do not interfere 
with each other and give good speech and music quality 
together with high selectivity. 

The loud speakers associated with radio sets have in 
general presented more difficult problems in attaining 
high quality reproduction than have thesets themselves. 
Last year’s report mentioned two papers which had been 
presented during that year to the Institute on this 
matter. With one of these papers was demonstrated 
the so-called cone-type of loud speaker developed by 
the Bell System engineers. This loud speaker has 
since been put on the market. It properly reproduces 
the low frequencies whose lack has been perhaps the 
most unfortunate characteristic.of broadcast reception 
from a musical standpoint. At the same time it 
permits a better reproduction of the higher frequencies. 

A paper entitled ‘““A New Hornless Type of Loud 
Speaker,”’ read at the St. Louis Convention, describes 
the development work on loud speakers carried out by 
the General Electric engineers and in particular a form 
of hornless loud speaker which they have developed. 
It is expected that this development will form the 
basis of a high-grade loud speaker to be put on the 
market. 
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It is very important with high-grade loud speakers 
that the voice frequency amplifiers associated with 
them, as well as the radio set, be free from distortion. 
A paper entitled ““The Design of Distortionless Power 
Amplifiers,’ read at the Midwinter Convention, dis- 
cusses the problems which arise in the design of such 
amplifiers and the means for overcoming them. 

Inductive Relations of Power and Communication 
Circuits. In response to a demand for a body repre- 
sentative of all wire-using utilities to carefully consider 
the technical problems of inductive coordination, the 
American Committee on Inductive Coordination was 
organized. This committee is made up of representa- 
tives of the American Railway Association, the Ameri- 
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under investigation include; coupling coefficients be- 
tween power and telephone circuits; effectiveness of 
coordinated transpositions; effects of unbalances in 
telephone circuits and means for locating and clearing 
them; the cumulative effects of successive exposures; 
protection of telephone circuits from acoustic and 
electric shocks; residual voltages and currents in power 
circuits and methods for their control, including effects 
of isolating and grounding the neutral by different 
means; noise in telephone circuits, its effects, frequency 
composition, methods of measurement, and survey 
of itsmagnitudeand distribution; waveshapes of voltage 
and current in power circuits and the development of 
means for improvement and rating; inductive effects 
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can Electric Railway Association, the National Electric 
Light Association, the Western Union Telegraph Com- 
pany, the Postal Telegraph-Cable Company and the 
Bell System. This committee has perfected an organi- 
zation, agreed upon a program, appointed subcom- 
mittees and has issued its first report. 

The Joint General Committee of the N. E. L. A. and 
the Bell System has continued its cooperative work 
throughout the year. The comprehensive investigation 
by the Development and Research Subcommittee 
has been divided into eleven projects, and each project 
put in charge of a small Project Committee. The 
program includes both theoretical and experimental 
work in the laboratory and in the field. Subjects 


under joint use of poles or other conditions of close 
exposure; the effects of changes in the power level 
and sensitivity of telephone circuits; selective devices 
for suppressing undesirable frequenciesin either or both 
systems; characteristics of telephone receivers and: 
transmitters; special devices for application to either 
or both systems; and interference with carrier frequency 
channels. It will require a period of several years to 
complete these investigations, but it is planned that 
important results will be made generally available from 
time to time. 

The paper on “Telephone Circuit Unbalances— 
Determination of Magnitude and Location,” read at 
the Pacific Coast Convention, covers a matter of large 


importance in considerations of inductive interference. 

Electrical Protection. The National Fire Protection 
Association, through its Committee on Signaling 
Systems, has undertaken a complete revision of the 
Regulations for Municipal Fire Alarm Systems, and for 
Protective Signaling Systems. The Electrical Com- 
mittee of the Association is engaged in a triennial 
revision of the National Electric Code, including the 
Regulation for Wiring of Signaling Systems and Radio. 

Communication in Railroad Operation. Communi- 
cation plays a very important part in railway work. 


Fig. 2 


A paper on “Communication in Railroad Operation” 
read at the St. Louis Convention discusses this matter 
from the railroad standpoint. 

Solar Eclipse. The eclipse of the sun in J anuary was 
of special interest to communication engineers, in that 
communication facilities played a very important part 
in the scientific observations which were made, be- 
cause of the effect of the eclipse on radio transmission. 

At the request of the American Astronomical Society, 
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the telephone companies arranged circuits connecting 
observing parties at Buffalo, Ithaca, Poughkeepsie, 
East Hampton and New York, N. Y., and Middletown 
and New Haven, Connecticut. Telegraph signals, set 
by observers at five points at the instants when the 
eclipse became total to them, were recorded on a 
chronograph in conjunction with seconds beat by a 
very accurate electric clock. 

Careful observations were made by a number of the 
communication companies, and by others interested in 
radio, as to the effect of the eclipse on radio transmission. 
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Definite correlation between the passage of the shadow 
of the eclipse and radio transmission appears to have 
been well established in some cases. 

Electrical Transmission of Pictures. There has been 
a large amount of activity during the year in the elec- 
trical transmission of pictures. 

The report for last year gave a brief description of a 
system developed by the Bell Telephone System engi- 
neers for transmitting pictures over telephone lines. 


June 1925 


Further development has so far perfected this system 
that the transmitted pictures present an appearance 
differing very little from that of the original photo- 
graph. Fig. 1 is a reproduction of a picture so trans- 
mitted, and shows the great amount of detail obtained. 
The picture was transmitted directly from an ordinary 
positive film, and about seven minutes was taken in 
transmission. Pictures of the inauguration of President 
Coolidge on March 4 were transmitted from Washing- 
ton, D. C. and received simultaneously at New York, 
Chicago and San Francisco, and were published in the 
afternoon editions of the newspapers of that same day. 
Commercial picture service with this system has been 
inaugurated between the three cities of New York, 
Chicago and San Francisco. The system is described 
in a paper appearing in the Bell Systems Technical 
Journal for April, 1925. 


The lines of the Western Union Telegraph Company 
have been used commercially by a number of news- 
papers for the transmission of photographs by a method 
devised by M. Ferree and J. Wissmar. In this system, 
the elements constituting the picture are sent over the 
line wire and handled in exactly the same manner as the 
signal impulses used in the transmission of ordinary 
telegraph messages. At the sending end a stylus 
moves in spirals over a specially prepared cylindrical 
plate. Current impulses flow through an electric 
circuit, of which the stylus and plate form a portion, 
whenever the stylus rests upon a light portion of the 
plate and operate a telegraph pole changer. The 
current reversals caused by the pole changer operation 
are transmitted to the receiving station or stations 
through the line wires and such telegraph repeating 
apparatus as is necessary. At the receiving station a 
relay opens and closes an electric circuit, in which is 
included a stylus which travels spirally over a chemi- 
cally prepared paper. By the action of these electrical 
impulses upon the treated paper, marks are made so 
that a picture is formed corresponding to that on the 
sending plate. The system described has been suc- 
cessfully used on a circuit lay-out arranged for duplex 
operation, and made up of about 5300 miles of line 
wire connecting to fifteen cities. Fig. 2 is a reproduc- 
tion of a picture transmitted in this way. About one 
hour is required for transmission. 


The Radio Corporation of America announced during 
the year transmission of pictures by radio from London 
to New York. Fig. 3 is a reproduction of a picture so 
transmitted. The method employed is, in brief, as 
follows: At the transmitting end, the picture to be 
sent is wrapped around a glass cylinder which is caused 
to revolve. As the drum revolves, a small concentrated 
electric light on the inside sends a beam through 
successive portions of the picture to a sensitive photo- 
electric cell. The current variations resulting are 
highly amplified, and are caused to charge a condenser 
in such a manner that the rate of charge is determined 
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by the amount of light piercing the transmitting film. 
When a given voltage is reached on the condenser, the 
circuit trips and gives a pulse which works a relay to 
start a signal. When the amount of light increases 
beyond a certain point, the current not only is able to 
charge the condenser more quickly, but is so arranged 
that it will hold the relay for a greater length of time. 
This gives rise to a peculiar characteristic of widely 
separated dots for one end of the light scale, of close 
dots for the middle ground and long-drawn-out dashes 
for the other end of the photographic scale. 

At the receiving end a paper sheet is fastened to a 
drum, which rotates in synchronism with the drum at 
the sending end. ~The radio signals, highly amplified, 
actuate a small fountain pen suspended just above the 
paper, which thus records on the paper the dots and 
dashes received by the radio, and thus forms the picture. 


The rugged character of the dot and dash signals, 
such as has made possible long distance communication 
by radio telegraphy, carry these pictures through what 
would otherwise be considerable interference. The 
question of detail is a matter of the amount of time 
which can be devoted to the transmission. A portrait 
with the amount of detail shown can be handled in 
about twenty minutes. 


A system devised by Edouard Belin, who has long 
been interested in picture transmission, has been tried 
out during the year between St. Louis and New York, 
and pictures so transmitted have been published in 
newspapers in both of these cities. 


A number of other investigators have been carrying 
on experiments in picture transmission, among these 
being C. F. Jenkins, Austin G. Cooley, M. L. D. 
McFarlane and H. G. Bartholomew. 


Education in Communication Engineering. There 
has been a steady growth of interest in communication 
courses in the teaching of electrical engineering, al- 
though the growth is perhaps less rapid than in the 
years immediately following the war. The tendency 
seems to be toward required rather than elective 
courses in electrical communication, probably due to the 
growing realization that such courses introduce the 
student to certain important fundamental conceptions 
and ideas which he would not get from his other courses. 
In August, 1924, an educational conference was held 
in New York City, in which a group of college pro- 
fessors met with officials of the Bell Telephone System. _. 
The discussion of various phases of electrical communi- 
cation and the methods of teaching them were 
of much value to all those who attended the confer- 
ence. 


A considerable number of educational institutions 
are undertaking the broadcasting of courses of lectures, 
music, athletic events, and other matters of interest. 
This promises to become an important function of some 
of our universities. 


Power Possibilities at Muscle Shoals, 
BY SAMUEL 


Synopsis.—This study was made in February and March, 1925. 
The author had access to the public records of the War Department 
but his responsibility for all statements ts complete. 

Factual conveyance has been more important than euphony or 
euphemism. The object of the report is to present the basic 
facts pertaining to the whole Muscle Shoals situation in 
a way that the layman can make his own evaluation of, 

1. What Muscle Shoals is 

2. What has, and can be done at Muscle Shoals 
and from these facts deduce as to what, in the public interest, on 
the basis of the greatest good to the greatest number, ought to be 
done with tt. 
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I. Fundamental Features 


1. Public’s Understanding of Term “‘Muscle Shoals.” 
In the public’s mind, the term ‘Muscle Shoals” is a 
definite spot and not the stretch of river described in 
Section 3. As used by the layman, Muscle Shoals 
means the water-power development now nearing com- 
pletion at the Wilson Dam—named for President 
Wilson—and the term is so used in this study: 

While the Wilson Dam is merely a small part of the 
proposed Tennessee River development, it is the only 
part now under construction and this is why the public’s 
attention has been focused on it, rather than on the 
project as a whole. 

2. Public’s Interest in Muscle Shoals. At present 
Muscle Shoals is the most talked of power project in 
the world. No other water power has ever received so 
much oratorical attention, or has had expended on it so 
much printers’ ink. The very name ‘Muscle Shoals” 
has become a symbol for power. 

_ In the forum, in the press and in the conversation 
of the public, Muscle Shoals has frequently been the 
dominating topic of the day. From its inception as a 
war measure, public interest-in it has grown until at 
times the preponderant public opinion has been that the 


1. Consulting Engineer, Columbus, Ohio. 
Presented at the Annual Convention of the A. I. E. E., 
Saratoga Springs, June 22-26, 1926. 


military and economic strength of ua nation was 
dependent upon Muscle Shoals. 

8. Location of Muscle Shoals. The general geo- 
graphical location of Muscle Shoals in northwestern 
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Alabama is shown by Fig. 1, pun local details given 
on page 4, 
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For a distance of about 37 miles, between the railroad 
bridge at Florence and Brown’s Island near Decatur, 
Alabama, the bed of the Tennessee River is really a 
series of shoals, one right after the other, with a fall 
of 140 feet in that distance. 

The shoals near Florence are known as “Muscle 
Shoals,” as the muscle shell fish—earlier and now alter- 
nate spelling ‘‘Mussel’”—were found in abundance in 
the bed of the shoals. The present geographical name 
“Muscle” has been derived from this fact. The Muscle 
Shoals section includes the stretch of river from Muscle 
Shoals up to Brown’s Island. 
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4. Current Terms Applied to Muscle Shoals. The 
following are commonplace expressions for and repre- 
senting current ideas of Muscle Shoals: 


“There is no place in the world where greater advantages are to 
be found for the harnessing of water power for the uses of indus- 
_ try, or where there is greater power awaiting development, 
within reach of the seaboard by water and rail transportation, 
than at Muscle Shoals.’ 

“Tf I were greedy for power over my fellow men, I should rather 
contro] Muscle Shoals than to be continuously elected President 
of the United States.’’? 

“The completed Muscle Shoals is worth more than all the gold 
currency in the world.’’? 

“The destiny of the American people for centuries to come 
lies at Muscle Shoals.’’4 

**America’s Gibraltar—Muscle Shoals. In peace, prosperity 
for the farmer; in war, preparedness for the Nation.” 

“Muscle Shoals, waiting through the ages for man to tame 
their roaring waters and harness their mighty power.” 

“The Niagara of the South.” 

“Standards of living at stake in Muscle Shoals decision.”’ 


5. Characteristics of Tennessee River Drainage Basin. 
The area of the drainage basin supplying the Wilson 
Dam at Muscle Shoals is 30,800 sq. mi. Much of this 
is hilly or mountainous so that the rain falls on suf- 
ficient of a slope to produce a rapid run off from the 
surface of ground to the stream. Daily stream-flow 
readings for the Tennessee River, made at the railroad 
bridge at Florence, about 244 mi. below the Wilson 


Newton D. Baker. 
Thomas A. Edison. 
The New York Times credits this to Henry Ford. 
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Dam and recorded by the U. S. Geological Survey, are 
available since 18715. 

The average rainfall for the entire drainage basin 
is 51 in., of which 18 in. occurs in the winter, 15 in. in 
the spring, 14 in. in the summer, and 9 in. in the autumn. 

6. Why Variable Stream Flow is Natural. Rainfall 
is the initial source of the water in all rivers. Rainfall 
is not continuous but periodic and varies largely with 
different seasons. Therefore, unless there is natural or 
artificial storage to equalize the volume, the flow of a 
river will vary approximately with the rainfall, Vari- 
able flow is obviously the natural condition of a river. 

The Tennessee has neither natural or artificial storage 
at present, and its variable flow characteristics are, 
therefore, typical, varying merely in degree with other 
rivers. 

7. Characteristics of the Tennessee River. The banks 
of the Tennessee River are well cut, clearly defined and 
there has been little change, or tendency to change, in 
its course from year to year. The bottom of the river 
does not present any serious difficulties for dam 
foundations. 

“The Tennessee is subject to sudden and frequent 
fluctuations in discharge. Its headwaters drain a 
mountainous region noted for heavy and prolonged rains 
and generally high annual precipitation. The high- 
water season is in the late winter and early spring and 
is caused by copious rainfalls, while the melting of snow, 
as a contributive factor, is only of minor significance. 

“The maximum rates of flood flow in the Tennessee 
are not so high as might ordinarily be expected of a 


SE 


4,500,000 
4,000,000 
3,500,000 
3,000,000 
2,500,000, 
2,000,000 
1,500,000 
10 00,000; 


Z\ 
p A 500, 000 
PA 
ae 7. VILLA a SIN) Z 
LAO LAOREET ————I 
0 LLECLA GSTS odd dd ibd igi iad itibispgserissssrstsanteages 0 


SESS 


ASS 
SS 


POWER OF ELECTRICAL ENERGY 


DAILY FLOW IN 1000 CUBIC FEET PER SECOND 
CONTINUOUS 24 HOUR CAPACITY IN HOR 


Fig. 3—VARIATION IN Datty FLtow anp Horse PowrER oF 
TENNESSEE River at MuscLe SHOALS 

On the basis of 80 per cent. efficiency of the hydroelectric generators, 10 
h. p. of electrical energy will be generated for each cubic foot per second flow 
at the Wilson Dam at Muscle Shoals. The scale at the right of figure shows 
h. p. capacity. (Left). Daily stream flow readings of Tennessee River 
at Florence, Ala., near the Wilson Dam, have been recorded by U. 8. 
Geological Survey for 53 years. The data shown are for 1898. 


river basin subject to the high rates of storm rainfall 
that are common there. This is attributable to three 
factors: 

a. The peculiar configuration of the drainage basin whites 
near the middle, is constructed to a width of less than 40 mi. 

b. The general westerly flow of the river in a direction con- 
trary to the movement of storms. 


5. Recorded in the U. S. Geological Survey Water Supply 
Papers Nos. 353, 383, 403, 433, 453, 473, 503. 
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ce. The arrangement of the tributaries, which does not favor 
rapid collection and concentration of run off. 


“On account of the mild winters, ice troubles, so 
common at hydroelectric plants in the northern United 
States and Canada, are rare and become a negligible 
factor in the operation of such installations in this 
region.’ 

8. Variation in Daily Flow of Tennessee River. This 
is shown in the yearly hydrograph chart, Fig. 2. In 
the extreme year shown—1898—the daily flowin “1000 
cu. ft. per second” varied from 481 to 9, or 538 to 1. 

In 1928, the daily flow varied in “1000 cu. ft. per 
second” from 215 to 8, or 27 to 1. 

The maximum discharge of the Tennessee River 
recorded at Florence was 499 “‘1000 cu. ft. per second” 
and occurred on March 19, 1897. 

It is important to bear in mind that these flow data 
are not deductions from rainfall statistics, but are 
actual measurements, and show the high and low flow 
conditions that must: be coped with in water-power 
developments on this river. 
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The diagram at the right, the geographic distribution of potential un- 
developed water power in United States, is based on data from the U. 8S. 
Geological Survey. This total is without artificial or stream flow control 
and is larger than it would be feasible to develop. Probably not over 
25,000,000 h. p. will be worth developing for many years. The amount of 
power that may be alloted to the United States in any future joint develop- 
ment of the Niagara and St. Lawrence Rivers is not included. 

The two comparisons above are for 24-hr. capacity without: artificial 
or stream flow control; because of scenic preservation and ice flushing 
conditions, not more than three and one-half million h. p. can be depended 
upon at Niagara Falls. 


The horse power that may be developed for various 
conditions of river flow at the Wilson Dam at Muscle 
Shoals, is shown at the right on page 8. 

9. Water Storage Limitations. At the Wilson Dam 
at Muscle Shoals, the area of the pool known as Wilson 
Lake is 14,500 acres, or in round numbers, 23 sq. mi. 
This pool gives enough ponding to meet daily fluctua- 


6. House Document No. 319, 67th Congress, Second Session. 
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tions in loads but affords practically no storage. 

10. Meaning of “Primary Power’ and ‘Secondary 
Power.” Primary power is the power that can be 
developed continuously for 24 hours of the day and for 
every day in the year. Secondary power is power that 
can be developed for merely a part of the time, and 
which may be for certain seasons of the year or for 
certain hours of the day only. The thing in which the 
ultimate consumer is interested is not primary power 
per se or secondary power per se, but continuous power; 
that is, continuity of service; and secondary power 
can be made continuous power only by having some 
other source of power to make up for the deficiency. 
This usually means a steam plant. 

11. Primary Power of Wilson Dam at Muscle Shoals. 
In general, the primary power that may be depended 
upon at the Wilson Dam at Muscle Shoals is 100,000 
h. p., continuous output. However, there will be 
occasional days when the primary power will drop 
to about 87,000 h. p. For the larger turbine capacity 
needed to utilize this primary power see §23. 

12. Secondary Power of Wilson Dam at Muscle 
Shoals. In addition to the 100,000 h. p. of primary 
power that can be developed at the Wilson. Dam, the 
following quantities of additional secondary power can 
be developed for the respective per cents of total time 
shown below for the two conditions of river flow shown: 


Additional Approximate per cent of total time available” 

secondary Low year daily Mean monthy 

horse power discharge basis discharge basis 
50,000... . . 56 per cent .......4.. 85 per cent 
10000033 44 per cent ......... ‘72 per cent 
150/000 Seance 32 per cent .......:.. 63 per cent 
200,000 sa eerieuiek 24 Per Cont) Sakis es 55 per cent 
300/000 in eee 15 per cent.......... 42 per cent 


13. Muscle Shoals Compared with Niagara Falls. 


Muscle Shoals Niagara 
Wilson Dam Falls® 
Area drainage basin, 
square miles........ 30,800 263,400 
StOrage: Sch shud cess hee OnS. 1/3 area of drainage ba- 
sin is water storage. 
Head—that is, fall— 
that can be devel- 
Oped shia sere ae 95 ft 300 ft. 
Ice problem.......... none Flushing the ice and 
maintaining scenic ef- 
fect reduces the capac- 
ity from 6,000,000 
h. p. to 3,500,000 h. p. 
24 hour continuous ¢a- 
pacity in horse 
IPOWEEATM oe ee 100,000 3,500,000 


Thus the continuous capacity that can be obtained 
from Muscle Shoals is 1/35 of the capacity of Niagara 
Falls, or it would take 35 Muscle Shoals to equal one 
Niagara Falls. 

In using Niagara Falls as a comparative yard stick, 

7. House Document No. 1262, Plates 107 and 108, 64th 
Congress, First Session. 


8. For further discussion see Smithsonian Institution Paper 
“Niagara Falls: Its Power Possibilities and Preservation.” 
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it is important to bear in mind that the Niagara River 
is jointly owned by the United States and Canada and 
that the treaty limits the total development at present 
to 1,000,000 h. p. and there can be no further develop- 
ment until the treaty is amended. Furthermore, if 
the treaty is amended and the development is pushed 
to the limit—on the basis of still maintaining an 
adequate scenic effect—of 3,500,000 h. p., one-half of 
this, or 1,700,000 h. p., would belong to the United 
States. 

14. Muscle Shoals Compared with Undeveloped Water 
Power in United States. While the potential un- 
developed water power in the United States is, in 
round numbers, 46,000,000 h. p.—as shown on page 10 
probably not over 25,000,000 h.p., of this 24-hour 
continuous capacity without artificial storage, will 
be worth developing for many years. Therefore, the 
Wilson Dam at Muscle Shoals compares with this 
probable undeveloped water power, available for the 
near future, as follows: 

Total undeveloped water power in the United 

States worth developing................... 25,000,000 h. p. 
Wilson Dam at Muscle Shoals.............. 100,000 h. p. 

That is, the Wilson Dam at Muscle Shoals represents 
1/250 of the undeveloped water-power capacity of the 
United States worth developing; or it would take 250 
Wilson Dams to equal the undeveloped water power 
now worth developing in the United States. 

15. Muscle Shoals Compared with Stationary Pri- 


mary Power in United States. 

Using the term primary power—as defined in 
Section 10—with the knowledge that the ag- 
gregate horse power capacity of all stationary 
steam, oil and gas engines, and steam and 
water turbines is in excess of 50,000,000 h. p. 
at the present time it is estimated that the 
strictly primary stationary horse power ca- 
pacity in the United States is at least...... 

The primary power at the Wilson Dam at 
Miisele: Shoals sarees = Cpa ck veneenet- & oye 


40,000,000 h. p. 


100,000 h. p. 


That is, it would take 400 Muscle Shoals to furnish. 


the primary stationary power that is now in use in the 
United States. 

16. Water Power Possibilities of the Tennessee River 
Compared. The Wilson Dam is not the whole Muscle 
Shoals project, but merely a part of the proposed pro- 
ject; and this is but a small part of a much larger 
proposed development which Congress is now having 
studied; viz., that of the power-navigation-industrial 
possibilities of the entire Tennessee Basin. 

The water-power possibilities of the Tennessee River 


compare as follows: 
Primary 
‘horse power 


Undeveloped water power in the United States ; 
25,000,000 


WOr tle develOpimne tae eee tee ae ace 
United States share of total possible development 

at, Niagvare;Hallst-1)en cee ae eee 3 1,700,000 
Probable total development on ‘Tennessee 

RW ei ascites i eee ace Sia: 1,000,000 
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This shows that the proposed development on the 
Tennessee River is 1/25 of the probable power develop- 
ment in the United States and about 60 per cent of the 
United States’ share of the total power that can be 
developed at Niagara Falls; and, further, that the 
present Wilson Dam development represents but one- 
tenth of the probable total Tennessee River develop- 
ment. 


17. Water-Power Limitations. 


1. Water power is not free. In the consideration of water 
power, many well meaning persons think only of the free gift of 
nature and entirely overlook the part that man’s labor and money 
must necessarily play in the realization of the bounties of this 
gift. There seems to be an impression among some people that, 
since water runs down hill, water power can be developed at very 
little cost and with very little risk. Such an impression is, in 
most cases, very far from the truth. Water power is worth 
just what can be gotten out of it in competition with power 
manufactured from fuel. 

2. While nature has made the water, it is no more natural or 
free than the nature-made coal. Both must be brought under 
control to be of service to man. ‘‘Much has been said about 
harnessing water falls. However, there has been little apprecia- 
tion that someone must furnish the money for securing, main- 
taining and ultimately replacing the harness and hiring labor for 
the continuous direction of the harnessed energy.”’ 

3. Coal is relatively a small part of total power cost. 

4. The cost of water-power plants per horse power of plant 
capacity is usually more than for steam plants, but the operating 
cost of a water-power plant should always be less than for a steam 
plant. 

5. The capacity is dependent on stream fluctuation. With 
storage reservoirs, the maximum operating capacity is merely 
the average stream flow; without reservoirs, the maximum ca- 
pacity that can be depended upon is merely the minimum flow. 
The flow of the stream may be injuriously affected by the op- 
erations of man or the agencies of nature and the available flow 
may be much less than anticipated. 

6. While auxiliary plants can be installed to furnish power 
during the low water period,the increased cost would ordinarily 
not make this attractive in single plants. 

7. Actual delivering capacity is usually much lower than the 
published figures. 

8. Water-power development in the United States has been 
strewn with wrecks, due to failure to appreciate the clearly de- 
fined economic limitations under which water-power develop- 
ments can take place ‘and failure to cope with the nature-made 
limitations in variation in stream flow. 


18. Proximity of Coal to Muscle Shoals. Extensive 
coal deposits are located in central Kentucky, central 
Tennessee and northwestern Alabama. These are, of 
course, advantageous from the viewpoint of furnishing 
fuel for any industries that would use Muscle Shoals 
power. These coal deposits, however, because of their 
proximity, make steam-power generation relatively 
easy and are, therefore, a determining factor in ap- 
praising Muscle Shoals power, since, in the long run, 
Muscle Shoals power is worth no more than power that 
can be generated from a steam plant. 


19. Confusion of Power and Fertilizer. Much of the 
misunderstanding regarding Muscle Shoals arises from 
the confusion of the power project with nitrate pro- 
duction for either munitions or fertilizer. Power pro- 
duction must stand on its own feet and should be self- 
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sustaining; fertilizer production should also stand on 
its own feet and be self sustaining. 

Fertilizer manufacture would require power. But 
there is no mysterious advantage whatsoever in Muscle 
Shoals power; power from any other source would 
function just as effectively. The crux is one of eco- 
nomic cost and not of mere geographical position. 


II.—What has been Done to Date 


20. History. ‘In 1824, J.C. Calhoun, Secretary of 
War, asserted that a canal around Muscle Shoals was 
of great national importance.” The first investiga- 
tion was authorized by Congress in 1828 and this was 
followed by others. 

The first study “undertaken by the United States 
with a view to the possible development of the extensive 
potential water powers in this section of the river’ was 
made in 1907. The whole project was finally brought 
to a head in the report of the Chief of Engineers, June 
4, 1916,° describing the then-proposed dam construc- 
tion, which later was named after President Wilson and 
officially designated the ‘‘Wilson Dam.” 

What is now known as the Wilson Dam was started 
November 9, 1918—two days before the armistice— 
but the work was suspended from April 15, 1921, to 
October 1, 1922, and the present indications are that 
the work will now be completed about January 1, 1926. 

21. Wilson Dam. The Wilson Dam is located at 
tthe foot of Muscle Shoals, 214 miles east of Florence, 
Alabama, as shown in Fig. 2. 


The dam is a huge concrete structure with navigation 


locks at the north end, a power plant at the south end 
and a'roadway on top. The total length of the struc- 
ture is 4500 feet, and contains 1,350,000 cu. yds. of 
masonry, which is the largest volume of masonry in 
any dam in the world. The dam is 96 ft. high, 105 ft. 
thick at the base and rests on a hard blue limestone. 

22. How the Work has been Handled. The entire 
project has been ably and efficiently handled by the 
War Department, under the general direction of the 
Chief of Engineers. All of the work has been done 
on a day labor basis and practically no contract work, 
except minor subcontracts, has been used on the 
project. 

23. Hydroelectric Power Plant. This is located at 
the southern end of the dam, and is in fact, an integral 
part of the main dam construction. 

The power-house building is 1250 ft. long, 160 ft. wide 
and 134 ft. high, built of monolithic and reinforced 
concrete. 

Four complete hydroelectric generators, each of 
30,000 h. p., are now being installed, also four at 35,000 
h.p. each. The room is large enough so that 10 
additional units, each of 35,000 h. p. can be installed 
later. 


9. Published as House Document No. 1262, 64th Congress, 
First Session. 
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The total installed capacity (above auxiliary 
equipment used in the plant itself) con- 
tracted for now is: 
Horse power 


4 units, at 30,000 h. p. each ............. 120,000 

EEOC EY Oui Pa) ae es 140,000 
Present capacity............. tha 260,000 

Additional units proposed: 

10 units, at 35,000 h.p. each.............. 350,000 
Proposed future capacity........ 610,000 


However, not all of the 260,000 h. p. of installed 
capacity is available for continuous use for the reasons 
given in the next paragraph. 

While the stream-flow conditions will permit of a 
continuous output of but 100,000 h. p., the demands for 
electric energy are not uniformly distributed over the 
24 hours and the maximum hour would ordinarily be 
50 per cent more than the average hour, so that 150,000 
h. p. of turbine capacity would be required to meet 
the probable daily peak of the primary horse power serv- 
ing capacity. One unit should be in reserve and ready 
to at all times take care of any breakdown in operating. 
machines. 

The additional equipment which is for secondary 
power can be used in general only, as arrangements are 
made for getting some other source of power to supple- — 
ment the low stream flow periods. 

24. Navigation Locks. Two navigation locks, each 
having a lift of 46-ft. 6-in., are a part of the north end 
of the Wilson Dam. The depth available in each lock 
is 71% ft. . 

25. Highway Bridge. The extreme top of the dam 
structure. will be used as a public highway bridge and 
arrangements will be made so that the Lee and Jackson 
Highways, now going into Florence, will connect with 
this bridge. 

26. No.1 Dam for Navigation. This is located near 
the railroad bridge at Florence, as shown on the map, 
Fig. 2. It is about 15 feet high and by means of a 
lock with a 10-ft. lift, will connect to the Wilson Dam 
locks by a canal about 214 miles long on the north side 
of the Tennessee River. This dam will be used for 
navigation only. 

The cost of this is entirely separate and in addition to 
the figures given for the Wilson Dam in the next section, 
it is estimated at $1,600,000. 

27. Estimated Cost of the Wilson Dam. The total 
amount of money spent directly on the Wilson Dam 
up to March 1, 1925, was $38,340,822. The total cost 
of completing the dam and installing four 30,000-h. p. 
units and four 35,000-h. p. units, with all auxiliary 
equipment—see Sections 29 and 380—is estimated at 
$45,800,000." cubis 

28. Wilson Dam Built with Borrowed Money. The 


10. The estimated cost of the additional ten 35,000-h. p. 
units, or a total of 350,000 h. p., is $5,823,000. 
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United States Government, in order to get money to 
build the dam, sold bonds to a large number of private 
individuals. In this way, money that was earned and 
saved by private individuals was borrowed by the 
United States Government on a rental or interest basis 
and mobilized; that is, these individual savings were 
put to work collectively in building this project. In 
this way, the government hired capital just as it hired 
labor, and the rental of the money is just as much a 
part of the cost of the dam as the hire of the labor. 
Furthermore, in order to ultimately return the money 
borrowed from the individual owners, provision should 
be made within the period of the useful life of the 
property so that enough money will be set aside out of 
the income from the project to ultimately pay back the 
money to private owners from whom it was borrowed. 

29. Omitted Cost Items. The estimate in para- 
graph 27 has not included all items of cost that must 
ultimately come out of the public treasury. In addition 
to the appropriations for building the dam, there is: 


a. The money used for paying for the 
material and labor has been borrowed for a 
number of years and the government has 
been paying interest on this amount. The 
total interest during construction, which 
must come out of the public treasury, up to 
the completion of the dam, January 1, 1926, 
FS ih FOUN GN mM DOES sa Eek eee 2 eo oe 

b. Preliminary engineering service in the 
survey upon which the construction work 


$4,000,000 


WAS SOC Ee DOU Limes rabies ties rikbm cps aie 150,000 
e. Services of the Army Engineers, who 
have directed the work, paid out of the 
public treasury and therefore chargeable 
PO ROLTSRWIOL Keak neat tok Corer prices east ys nds At 150,000 
$4,300,000 
30. Cost of Wilson Dam to the Public. Taking the 


estimated cost of $45,800,000, plus the omitted cost 
items in the preceding section, $4,300,000, we get a 
total cost to the public of the Wilson Dam of $50,110,000 

In the more than six years since the construction 
work on this dam was started, the United States 
Government has purchased construction equipment 
which is a part of the above dam cost. If the No. 3 
Dam is built at once, a part of this equipment can be 
used for the additional work. If the No. 3 Dam is 
not built, then this equipment may be sold or trans- 
ferred to another job and the Wilson Dam cost should 
be credited with whatever can be realized from such 
sale or transfer. It has been impossible to reconcile the 
widely divergent views as to the credit that could be 
allowed for this equipment. For the purposes of 
comparison, an allowance of $1,000,000 is made as a 
credit to the Wilson Dam cost, thus making the net 
cost in round numbers to the public on the Wilson 
Dam, $49,000,000. 

31. Wilson Dam Cost Compared with Steam Plant 
Cost. 


Taking the total- cost given in the pre- 
ceeding section for the Wilson Dam as 
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$49,000,000, and with the frank recognition 
that this gives but 100,000 h. p.. of primary 
power, we at once get an investment cost per 
horse power of plant capacity of............ 

The per horse power cost per actual pri- 
mary horse power output of a high gradesteam 
plant, with '/; of the capacity in reserve at 
all times to guard against breakdown to in- 
sure continuity of service, would be 


$490.00 


100.00 


The additional secondary power that can be generated 
at Muscle Shoals will, of course, be of service but it can 
be of service only as it is combined with other plants, 
which will keep the combined capital investment above 
a single steam plant. 


82. Nawvigation’s Share of Wilson Dam Cost. The 
water-power development of the Wilson Dam at 
Muscle Shoals is not sufficiently attractive to subsidize 
navigation. The comparative cost figures given in the 
preceding section indicate the financial handicap for 
this water power project, so far as investment is 
concerned. 

It has been suggested that 25 per cent of the total 
cost could be charged to navigation, but it must be 
remembered that this would be merely a bookkeeping 
transfer and would, in no way, change the blunt fact 
that the public must ultimately foot the entire bill, for, 
under our present navigation policy, the contribution 
would come out of the public treasury and not from 
the people who benefit directly by the nazar 
advantages. 


33. Real Estate Speculation. There naturally has 
been an abnormal real estate boom in the Muscle 
Shoals district. Detailed records of 109 subdivisions 
totalling 48,381 lots and aggregating 6750 acres or 10.7 
Sq. mi. area, were examined. ‘This is merely part of the 
development and some of the allotments are indicated 
on Fig. 2. 

Alluring but deceptive advertising matter has been 
persistently and widely circulated; lots have been sold 
to widely scattered buyers. Many of these allotments 
are in corn fields or pasture land, and practically all are 
without improvements other than a few graded dirt 
streets and cheaply constructed sidewalks. Twelve 
miles distant from the Wilson Dam is not an uncommon 
location for these additions that are advertised as 
being right at Muscle Shoals. 

34. Origin of Public Misconceptions about Muscle 
Shoals. We have a wide gap between current popular 
beliefs regarding Muscle Shoals and the fundamental . 
facts because: 


1. The narcotic and hypnotic effect of superlative terms, like 
those cited in Section 4, ve repeatedly, has produced a dis- 
torted perspective. 

2. Asanation, we have been more interested in debating than 
in fact-finding, fact-recording, and fact-facing. ‘There has been 
all too little appreciation that while slogans may change beliefs 
and mental attitudes, they never can alter facts. Imagination 
plays an important role in our national life. To many, symbols 
are the same as realities and the symbol rather than the reality 
aspect has been stressed at Muscle Shoals. 
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3. The current newspaper expression of ‘‘white coal’’ for 
water power is creating an erroneous idea as to the value of water 
power and the public has jumped to the unwarranted conclusion 
that when you have a water power, you are getting something 
for nothing. Deflation of many of our water power ideas is 
desirable. 

4. There is nothing magical about water power and it is 
worth just whatever can be obtained from it in competition with 
coal,—and no more. 

5. Hven though the Muscle Shoals dam is the largest concrete 
monolith and the largest dam in the world, mere size of struc- 
ture—that is, volume of masonry—does not make power. Water 
power requires water fall and continuity of flow and has been 
much over-estimated at Muscle Shoals. 


6. Optimism run wild in real estate development has not only 
disseminated many erroneous: statements but has secured the 
financial interest of a large number of individuals seattered all 
over the United States in the unwarranted real estate develop- 
ments which have tended to still further mislead the public as to 
the possibilities that might be realized at Muscle Shoals. 


IlI—What can be Done at Muscle Shoals 


35. Possible Future Dams. The map, Fig 1 
shows the locations of possibly twelve future dams that 
may be built in the Tennessee River drainage basin. 
“Examinations made of the rocks which will be used 
show that excellent foundations can be obtained 
throughout this region.”!! The aggregate primary 
horse power that can be developed at the twelve future 
dam sites shown, is 751,000. In addition, the Cove 
Creek Dam would make a storage reservoir from which 
some regulation of stream flow can be secured and this 
would increase the primary horse power capacity at 
the present Wilson Dam and Hale’s Bar Dam. 

The estimated cost of these twelve dams is 
$125,000,000. The land that would have to be con- 
demned aggregates 109,000 acres; and the above esti- 
mated cost has allowed $30,000,000 for land acquisition. 
Obviously, any tendency on the part of the present 
land owners to hold up prices could easily so increase 
the cost as to make future projects from this aspect alone 
undesirable from a business viewpoint. 

86. Tennessee River Power Possibilities. The 
100,000 primary h. p. capacity of the present Wilson 
Dam at Muscle Shoals plus the 751,000 primary horse 
power of the proposed 12 dams, referred to in the pre- 
ceding section, plus the increase in primary horse power 
capacity that regulated stream flow would produce in 
the present Wilson and Hale’s Bar Dams, would give 
a primary horse power capacity of the Tennessee River, 
in round numbers, of 1,000,000 horse power. 

87. Navigation Aspects. Building the additional 
dams would give satisfactory navigation conditions for 
this part of the river, however, there still would be a 
stretch between the Riverton Dam going north to the 
mouth of the Tennessee River at Paducah that needs 
improvement. 

88. Muscle Shoals a Mere Incident in the Tennessee 
River. From the preceding, especially in paragraph 
35, it is obvious that Muscle Shoals is a mere incident 


11. Wilbur A. Nelson, State Geologist, Nashville. Tennessee. 
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in the Tennessee River development program and 
it must be evaluated from this point of view. 

39. United States Government’s Position at Completion 
of Wilson Dam. Toward the end of this year, when 
the Wilson Dam will be completed, the United States 
Government will be in the position of having about 
$49,000,000 invested in a water power project that can 
be depended upon for 100,000 primary horse power, but 
will be without transmission lines or a market. That 
is, the Muscle Shoals power project will be “‘all dressed 
up and no place to go.” 

The secondary power at Muscle Shoals can be made 
available only as it can be combined by transmission 
lines with other power sources. 

40. United States Government Steam Plant. An 
excellent steam plant was built at Nitrate Plant No. 2 
in 1918. It contains a 60,000-kw. steam turbine in 
three elements, of 80,000 h. p. capacity.’2 It is in 
good physical shape and could be used for supple- 
menting the secondary power of the Wilson Dam. 


41. Common Sense on Fertilizer Situation. Ferti- 
lizer will be made by fixing the nitrogen of the air or 
any other process whenever it is good business to do so; 
that is, when the process can be carried on at a fair 
profit. No sane man would go into an enterprise 
unless it could be carried on at a profit. In other 
words, the same motive that prompts the farmer to 
expend labor and capital in raising a crop (which is 
merely getting a living wage or return for labor and 
capital) will insure the manufacturer of fertilizer. It 
is no more wicked for a fertilizer manufacturer to make - 
a fair profit than for a farmer to make a fair profit. 
Without profit there is no incentive; without incentive, 
there can be no progress. 

The fixation of nitrogen is a long way from fertilizer. 
To compare the cost of segregated nitrogen at Muscle 
Shoals before its proper combination with other ingre- 
dients to make usable fertilizer, is not unlike comparing 
the cost of raw wool with the cost after it becomes a suit. 


42. U.S. Nitrate Plant No.1. This was an experi- 
mental synthetic ammonia plant. . It never operated, 
and, as it now stands, is not of interest for commercial 
production. It probably would be cheaper to con- 
struct a new plant than to redesign and rebuild Plant 
No. 1 to permit of its competing with plants based upon 
the latest developments. This represents an invest- 
ment of about $12,000,000. 

43. U.S. Nitrate Plant No.2. This is constructed 
to operate on the cyanamid process, which won its 
place because it requires less than one-fourth the power 
necessary for the earlier, but now out of date, arc pro- 
cess and because the raw materials—coal, limestone, 


12. One horse power is equal to 0.746 kw., or one kilowatt 
is equal to 1.34h. p. ; 

13. For further discussion see Part 3 “The Air-Nitrogen 
Processes” —U. S. Department of Commerce, Trade Information 
Bulletin No. 240. 


June 1925 


and nitrogen—are obtainable in many places. The 
synthetic ammonia process is rapidly rendering the 
cyanamid process commercially obsolete as a method 
for fixing atmospheric nitrogen for fertilizer purposes. 
It uses less than one-third of the power required for the 
cyanamid process and this power need not be electric 
energy. Progress in the synthetic ammonia process 
makes the cost of pure hydrogen, and not power, the 
controlling economic factor. This plant, including the 
Waco Quarry, represents an investment of about 
$67,000,000. 

44. Future Market for Muscle Shoals Power. Elec- 
tric power has completely revolutionized industrial 
living and social conditions in parts of the South. In 
Alabama, east Tennessee, Georgia, and the Carolinas, 
hydro power is largely employed in various industrial 
and textile activities. Western Tennessee and practi- 
cally all of Mississippi have already been touched and 
are waiting for this development program. 

The absence of income or inheritance taxes in 
Alabama and other taxation inducements, make this 
state an exceptionally favorable one for the investment 
of capital for carrying on industrial activities. 

Abundant reserves of non-migratory, reliable, English 
speaking, intelligent, white labor, accustomed to simple 
living and living close to food supplies with small fuel 
needs for house heating and lack of labor concentra- 
tion with attendant housing problems, give the South an 
advantageous mill labor situation for converting its raw 
eotton into the finished product right in the South, 
providing dependable and continuous electric power 
service is available. 

The shortened transportation of the raw cotton, by 
finishing the product in the South, is, of course, also 
advantageous. 


The southern negro, living here in his natural and 
normal habitat, employed extensively for common 
labor, because of his tractability, is rarely susceptible 
to the disturbing influence common where the foreign 
element dominates the labor field, and is a distinct labor 
asset for the heavier tasks. 

The South is growing rapidly and there has been a 
marked exodus of the cotton industry from the New 
England states to the South. The number of wage 
earners, the annual million pounds of cotton manu- 
factured, number of active spindles, and primary horse 
power employed in cotton industry is increasing much 
faster in the southern states than in the north. 

The per cent of cotton produced, that is, converted 
into the manufactured product is for: 
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aM) PISISStH 0) Ove poe 5 per cent 
LEAD UIE EN 002 See Ste Ae OE 13 per cent 
AREMMNESSGOM.Aysss. eas ashen: | es 31 per cent 
Ala Darna oes en SFE 0K n ohcaos oe 44 per cent 
Georeia..- sa. 111 per cent 


North Garolina.............. 
SOUp Me @arolinaaes yee. sas ce « 


141 per cent 
174 per cent 


That is, the last three states are fabricating more 
cotton than they are producing and are, therefore, 
importing from other producing states, due primarily to 
the advantageous labor and electric power conditions. 

Within the limits of the Tennessee River Basin 
and where power will be required for development, at 
least 50 mineral substances of economic value are found. 

“Special emphasis should be placed on the large 
phosphate deposits of middle Tennessee; the extensive 
coal fields of northern Alabama and eastern Tennessee; 
the fine ball clays of western Tennessee, which are used 
in making electrical insulators and other high-grade 
articles; the great marble copper mines at Ducktown; 
the unlimited deposits of limestone of the purest qual- 
ity, suitable for making high grade lime and other 
similar uses; to the iron ores of Alabama and Tennessee 
and the bauxite deposits of eastern Tennessee and 
northern Georgia.’ 

Securing lower labor and lower production costs is, of 
course, of vital interest to the public at large. There 
has been all too little appreciation of the fact that every 
man’s wage is a part of some other man’s cost of living. 

“Tt therefore appears that a broad and well-founded 
judgment would dictate that the Muscle Shoals develop- 
ment should be interconnected for exchange of power 
with the existing power systems of the Southern States, 
and that this interconnection and exchange should be 
arranged for without delay, so that future construction, 
both at Muscle Shoals and elsewhere, can be directed for 
the production of plants which will supplement each 
other for economy of construction and operation.’ 

In conclusion, within easy transmitting distance from 
Muscle Shoals, there is an adequate, existing, electric- 
power market that can promptly absorb all of the elec- 
tric power that can be developed. This market can be 
economically reached and effectively served only as 
Muscle Shoals is made part of an integrated, intercon- 
nected transmission system, so that advantageously 
located steam plants and storage reservoirs can be used 
for supplementing the otherwise practically valueless 
secondary power at Muscle Shoals. 


14. Wilbur A. Nelson, State Geologist, Nashville, Tennessee. 


15. War Department Document No. 1039, Office Chief 
Engineer, ‘‘The Power Situation During the War.” p. 267. 
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Synopsis.—The building of the Isle Maligne Station in a remote 
section with extreme difficulties due to weather and floods, called 
for very careful planning and coordination of the various parts of the 
work. The steps in the construction of this plant are shown per- 
haps at rather extreme length, but this is done largely to bring 
out the value and importance of designing with the idea of co- 
operating and coordinating with the contractor or the construction 


HE largest single installation in water-power 
spouaaineek ever undertaken is at Isle Maligne on 

the Saguenay River, Province of Quebec, Canada, 
where a total power-house installation of 540,000 h. p. 
is being made, of which 360,000 h. p. is completely, and 
180,000 h. p. partially installed. 

The Saguenay River is one of the great tributaries 
of the St. Lawrence River and flows out of Lake St. 
John by two channels, the Grand Discharge and the 
Little Discharge. These two channels unite at a point 
nine miles below the Lake outlet, and thirteen miles 
further downstream the Saguenay River reaches 
tidewater. 

Lake St. John is located about 100 miles north of the 
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forces. The design and layout of the construction plant were given 
as much attention on this work as the design of the powerhouse. 
The writer maintains and endeavors to impress upon designing and 
construction engineers of any large project, this very important 
cooperative feature. Had this not been done at the Isle Maligne 
Station, the great amount of work could never have been executed in 
the same length of time. 


Quebec Streams Commission. The superficial areas of 
Lake St. John for various gage readings are as follows: 


TABLE GIVING AREAS OF LAKE ST. JOHN FOR DIFFERENT 
ELEVATIONS OF ITS WATER-SURFACE 


Gage Reading Area of Lake 


Ft. Sq. Mi. 
Onyecopive ty a5 abo y saitey unit ho haa eae 328 
DST eT MIN ETE CRON OS omar © 380 
LO cy pcnuolet etna Stacy ge Naat Lee aa ae 394 
i IS eins ark Beate eR fA cit cst ische. ser oft 403 
DT BF 2 APPA SEAS Be 408 


The daily discharges of Lake St. John, observed 
during the year 1922 before the water power develop- 
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City of Quebec. Its normal water level is 310 ft. above 
mean sea-level and the drainage area of the Lake is 
estimated to be 30,000 sq. mi. Since 1918, the Quebec 
Development Company, Ltd., has been maintaining a 
gaging station on Lake St. John and the zero point of the 
gage corresponds to the mean low-water level in 
January. By a grant of the Government, the Power 
Company is permitted to utilize the storage capacity of 
Lake St. John between ordinary low water and ordinary 
high water, which is estimated to be 187.1 billion cu. ft. 
in a depth of water of 17.5 ft., based on the survey of the 
1. Southern Power Co., Charlotte, N.C. 


Presented at the Annual Convention of the A. I. EH. H., 
Saratoga Springs, June 22-26, 1925. : 


~<— JUNE —--— JULY 


<—_ AUG. 


1— Dainty DiscHarGEe CurvVE oF SaGuEnay River 1922 


ment was commenced, are shown on curve, Fig. 1. It 
will be noticed that the curve is pretty regular, due to 
the natural storage effect of Lake St. John. The bulk 
of the water from Lake St. John passes through the 
Grand Discharge and in winter time the Little Dis- 
charge is practically dry. 

Isle Maligne, the last of the many islands in the 
Grand Discharge is about 114 miles long and divides the 
stream-bed into two rocky gorges. Its foot is two 
miles above the junction of the Grand Discharge with 
the Little Discharge and at the first-named point the 
mean low-water level of the river is 105 ft. below the 
ordinary low-water level of Lake St. John and 122.5 ft. 
below the level of the fully impounded Lake. 
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After exhaustive studies, it was decided to locate the 
power house in the left channel of the Grand Discharge 
at the downstream end of Isle Maligne and to close up 
the right channel at the upstream end of the Isle Maligne 
by a spillway, the difference in normal water elevations 
between these two points being 45 ft. At this spillway 
site, called No. 4 on the general map, Fig. 2, the river 
is deeply cut in rock and it was necessary to provide 
additional spillways on Isle Maligne, which is barely 
covered with soil above its granitic formation. Finally 
an earth dam was required in the ravine near Spillway 
No. 4, on Alma Island between the Grand Discharge and 
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Fie. 2—GerNERAL PLAN or DEVELOPMENT 
the Little Discharge, so as to extend Lake St. John to 
the intake structure of the power house. As previously 
mentioned, the Little Discharge is practically dry in 
winter time and its head consists of three small, rocky 
channels, calling for a comparatively small quantity of 
masonry for the confinement at this point of the im- 
pounded Lake St. John. — 

It will be noticed that this layout permits the drawing 


of the water into the turbines directly from the natural — 


storage of Lake St. John, from an average depth of 
about 20 ft. under its surface, and no trouble is antici- 
pated by ice which is from two to three feet thick on 
Lake St. John in the winter time. Furthermore, the 
ice will melt directly and the Lake is usually drawn 
down at the end of the winter season, thus making the 
water available for use through the turbines at a very 
opportune time. 


RAILWAY TO POWER SITE 


Authority to begin with the construction of this 
undertaking was given in December 1922 and the sched- 
ule called for the completion of the entire development 
by January 1926. At that time, Isle Maligne, where 
the principal amount of the construction was to be done, 
was practically inaccessible and severe winters of long 
duration were to be faced. The nearest railway station 
was Hebertville, on the Canadian National Railway 
Line, about eleven miles south of the power site, and the 
nearest settlement was St. Joseph d’Alma on the Little 


LEE: HYDROELECTRIC DEVELOPMENT OF SAGUENAY RIVER 


723 


Discharge, which was connected with Hebertville by a 
fairly good highway, but with heavy grades, extending 
to, and crossing, the Grand Discharge on a covered 
wooden bridge one mile below Isle Maligne. Beside 
getting in the employes and doing some sledge haulage 
of materials and supplies for the preliminary work of the 
first winter, the highway was not considered of much 
use.. A railway provided a short haul, with reasonable 
grades, unbroken shipments, load capacity, volume of 
traffic and means of handling the snow, none of which 
were available by any practicable road. Moreover, a 
railway was an integral parcel of a complete power 
development, giving a shipping outlet to any further 
industrial development, such as the planned paper 
mills at St. Joseph d’Alma, and, extended by service 
tracks to the spillways and other parts of the work, it 
completed a positive construction function. Therefore 
construction for an eleven-mile railway line from 
Hebertville Station to Isle Maligne, as shown on the 
map, Fig. 2, was begun immediately. This line crosses 
the Bedard River, a low- and high-water channel of the 
Little Discharge, above St. Joseph d’Alma and the right 
channel of the Grand Discharge at the foot of Isle 
Maligne. The track is ballasted and laid with 70-lb. 
rail and all bridges are steel on concrete piers, the long- 
est being that to Isle Maligne. As shown on Fig. 3, 
this latter bridge consists of- two 90-ft. Jong and one 
220-ft. long truss spans for double track service. Be- 
cause the rapid and deep current in the river was 
practically doubled in volume by the diversion of flow 
from the left channel, by a cofferdam at the head of 
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Isle Maligne, (described elsewhere in this article), 
and did not permit the use of falsework, the large span 
was erected by the cantilever method from the 90-ft. 
approach span. The railroad was completed to the 
terminal, at the Grand Discharge opposite Isle Maligne, 
the middle of August 1923, and transportation, across 
the bridge to Isle Maligne, was started the end of 
October 1923. ; 


CONSTRUCTION CAMP 


The next important step was to provide means of 
housing and feeding sixteen hundred workmen and to 
furnish homes for the company’s employes and their 
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families. The plateau above the railroad terminal on 
Alma Island opposite Isle Maligne and overlooking the 
construction operations in the south, was the most 
tavorable location for a construction camp, inasmuch as 
it was close to the works and provided natural drainage. 
It is called Isle Maligne and has been made an official 
postal station. Fig. 4 is a general plan of the camp, and 
Fig. 5 is a partial view showing the type of buildings 
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sewerage and water 
and furnished with 


constructed. All buildings have 
supply, are electrically lighted 
stoves. 

Particular attention nee been given to the water 
supply. Water from the river is pumped to a 20,000- 
gal. tank on a hill above the camp, and thence dis- 
tributed over the camp and works. The distribution 
was rather expensive because of the cold climate. All 


Fig. 


5—CoNSTRUCTION CAMP 


pipes had to be placed at least six feet under ground to 
prevent freezing and much of the trenching was in 
rock. Chlorination was also employed. While the 
large volume of river flow made the danger from 
pollution rather remote, it was felt necessary to guard 
against typhoid as fully as possible and a chlorination 
plant was installed. 

The camp was made self-contained, since the com- 
munity is isolated, particularly in wintertime; a store, 
bank, post office and hospital were provided in addition 
to the usual dining halls, also bunk houses and cottages 
and one of the common rooms provide means for a 
school. There is also a resident physician. 


A chart showing the number of laborers employed 
each day during the year 1924 is given in Fig. 6. 


CONSTRUCTION PLANT 


Having the location and type of permanent struc- 
tures fixed, and the volume of work to be done deter- 
mined, progress schedules were prepared, giving the 
time allowed for the completion of each structure, 
keeping always in mind the fact that climate and 
stream flow set the time when certain construction 
operations could be begun and must.be finished. 

As the illustrations indicate, the main construction 
items are concrete masonry and excavation, largely in 
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rock, besides the steelwork for the turbines and power- 


house. 
The estimated masonry quantities in the Grand 
Discharge are as follows: 


Cu. Yds 

Powerhouse Bulkhead & Substructure............... 288,000 
Powerhouse Bulkhead Extension...................- 40,500 
Splashwall Retaining Walls), quaeeiamaents tao see 10,000 
Silla Nos: Mtetwa tires ee eye ees a SS ine 51,506 
Sill wayeeNOv 2 sdheen Serie und oder nae Neate naka Se reba 3,000 
Spilliwaiy, WNGups scence a 0 thane wep Me cee re oy sa cae 29,000 
Spillwaiy ING Al ess co oe erie oa vee oes 80,000 
TOGA aes resid ke, this sak Sat ee 502,000 


The estimated quantity of masonry in the Little 
Discharge is 20,000 cu. yd. 
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A weekly progress chart, showing the amounts of 
masonry placed in all the structures combined, to end of 
February 1925, is shown on Fig. 7. 

The estimated quantities of excavation are as 


follows: 
Tail-race. . ; ss 165,000 eu. yd. 
Masonry Roun datons rae yo. ieee 55 O00 mecmamnee 
Totaliagneteratt tes sec: S20000 5 


Connecting with the railroad terminal on Alma Island, 
a track system was laid out to all structures and con- 
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way No. 1 are 1000 ft. away, Spillway No. 2, 2500 ft., 
Spillway No. 3, 4000 ft. and Spillway No. 4, which is 
approached at both ends, is two miles away, on Isle 
Maligne and 2.7 miles on Alma Island. In the Little 
Discharge for the construction of the isolated spill- 
ways containing a comparatively small quantity of 
masonry, an individual mixer plant was provided. 


As shown in Fig. 9, with a typical elevation of the 
crusher and mixer plant, the equipment consists of the 
following: 


A. Crusher Plant: 


One 66 by 84 in. manganese steel fitted jaw-crusher, driven by 
one 400-h. p. motor, 360 rev. per min. 

One No. 15 manganese steel fitted gyratory crusher, driven by 
one 200- h. p. motor, 860 rev. per min. 

Four No. 6 manganese steel fitted gyratory-crushers, driven by 
two 150-h. p. motors, 860 rev. per min. 

Two 60 in. by 12 ft. 0 in. long scalping screens driven by one 
50-h. p., 860-rev. per min., motor. 

Two 72 in. by 24 ft. 0 in. long finishing sereens driven by one 
75-h. p., 860-rey. per min. motor, each. 

One 42 in. belt conveyor, 174 ft. long, driven by one 75-h. p., 
860-rev. per min. motor. 

One 42 in. belt conveyor, 274 ft. long, driven by one 100-h. p., 
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struction plant units, practically eliminating job 
haulage by any other means. The maximum grade is 
three per cent, allowing for compensation in the curves 
and 70-lb. rails were used for the 15 miles of service 
tracks. 

Since the bulk of masonry was to be placed near the 
foot of Isle Maligne, the crusher and mixer plant was 
placed on the Alma shore near the double track bridge 
across the right channel of the Grand Discharge. 
There, the topographical conditions were favorable for 
the layout of a gravity crushing plant; a large sand pit 
and quarry, supplementing the stone supply from the 
tail-race excavation, were also close by along the rail- 
road to Hebertville, and cement could be quickly 
brought in. A panoramic view of the crusher and 
mixer plant is shown on Fig. 8 and its location and the 
layout of the service track system is indicated on the 
map, Fig. 4. Considering the mixing plant as the 
center, it will be noticed that the power house and spill- 
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One set transmission machinery for driving the four No. 6 
crushers with two motors. 

One set transmission machinery for driving the 203-foot long 
belt conveyor. 

One set transmission machinery for driving the 293-foot long 
belt conveyor. 

One set transmission machinery for driving scalping sereens. 

One set transmission machinery for driving finishing screens. 
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All motors are of the slip-ring type, 40-deg. rating, 2200- 
volt, 60-cycle, three-phase, each equipped with drum 
starter, with resistance for two-minute starting duty. 
Each motor (with the exception of the 400-h. p. motor 
which has a rope sheave for driving the jaw-crusher), 
is provided with sliding base rails and pulley. All these 
motors have also dust proof bearings and covers for the 
slip rings. 

The scalping screens are perforated with two-in. 
round holes, and the finishing screens have dust jackets 
perforated with 14-in. diameter holes. 

The maximum capacity of the crusher plant is 400 
tons of two-inch ring-stone per hour. 

B. Mixer Plant: 

Two stone bins, of 510 cu. yd. capacity each. 

One sand bin, of 540 cu. yd. capacity. 

Two 4-yd. Smith tilting mixers on steel skids, with gated 
batch hoppers on steel frames, each driven by a 75 h. p., 2200- 
volt, 900-rev. per min. induction motor. 

- One 30-in. wide cement belt conveyer driven by one 10-h. p., 
220-volt, 900-rev. per. min. induction motor. 

Two 100-h. p. boilers for heating mixing water. 

One 90-h. p. boiler for heating sand. 


Fic. 11—Suor Manuracture or Drart Tusse Forms 
The cement house, a typical cross-section of which is 
shown on Fig. 10, is laid out for the handling of cement 
in bulk, with a storage capacity corresponding to 
75,000 bags. A screw conveyer, running in a groove at 
the bottom of each cement bin, feeds the belt conveyer 
to the mixer plant. Only a small quantity of cement is 
shipped and stored in bags, available for isolated work. 

The maximum output of the concrete mixer plant 
was, on September 26, 1924, amounting to 676 batches 
of 4 cu. yds. concrete. 


EXCAVATING PLANT 


For the earlier operations in connection with the 
cofferdam construction at the head of Isle Maligne and 
the service track construction, an 8 by 8 in. gasoline 
engine-driven portable compressor of 210 cu. ft. per 
min. displacement and a stationary steam-driven 
compressor of 340 cu. ft. per min. displacement supplied 
from one 100-h. p. boiler, were used. 

The main air-compressor plant is. located on Alma 
Island, 300 ft. south of the bridge to Isle Maligne. It 
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consists of two 350-h. p. 2200-volt, 200-rev. per min., 
three-phase, 60-cycle synchronous motors, direct- 
connected to cross-compound compressors of the clear- 
ance-control type. Each compressor has cylinders of 
25- and 1534-in. diameter, with 18-in. stroke, and a 
capacity of 2038 cu. ft: of free air per minute. 

The rock-drill equipment includes high speed drills on 
tripods and jack hammers. ‘The drill steels are sharp- 
ened by three ‘‘Leyner’”’ sharpeners after the drills are 
heated in oil furnaces. 

A separate compressor plant, of 350 cu. ft. per min. 
free air capacity, is provided for riveting. In the 
plate-steel work of each scroll case for the twelve tur- 
bines, there are contained 12,000 rivets, and a uniform 
pressure is required which cannot be continuously 
maintained in the service pipes of the main compressor 
plant. 

For bulk excavation and loading of the blasted rock in 
the tail-race, steam shovels are employed. Three 
shovels are of the railway type and two smaller size 
shovels are fitted with caterpillar traction. 

For soft excavation, wherever practicable, a hydraulic 
monitor is used, consisting of a four-stage, 520-ft.- 
head centrifugal pump, direct-connected to a 400- h. p. 
induction motor, having an eight-in. delivery pipe and 
216-in. nozzle. 


WoRK SHOP AND SAW MILL 


The machine shop, near the compressor plant, is 
fitted with planers, drills, lathe, shears, bolt and pipe 
machines and forges. It is used for maintenance of 
rolling stock, general repair work and the manufacture 
of smaller articles; it is, however, large enough for the 
construction of flat cars, frogs and switches, of which a 
number were built. 

The carpenter shop, located further away from the 
congested track system near the crusher and mixer 
plant, is equipped with band, swing and rip saws, 
planing and jointing machines. It is principally en- 
gaged in making the multitude of forms required for the 
construction of theconcretemasonry structures. A view 
of a completely assembled draft-tube form for one of 
the twelve turbines is shown in Fig. 11. 

A saw mill is in operation during the winter months 
when the snow permits of logs being hauled to the site 
from local sources. However, all structural timber is 
brought in by rail and is mostly British Columbia fir. 
About 10,000,000 ft. b. m. timber were used on the job 
to the end of 1924. 


ELECTRIC POWER SUPPLY 

With the exception of steam shovels, locomotive 
cranes and railway locomotives, all construction and 
shop equipment is motor operated and the aggregate 
motor equipment is 5000 h. p. 

Price Bros. and Co., Ltd. which are connected with the 
Saguenay Power development, have a hydroelectric 
plant at Chicoutimi from which they furnish the electric 
power. Early in 1923 a 40-mile, 44000-volt, three- 
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phase, transmission line was built from the Chicoutimi 
plant to Isle Maligne and at the works, the current is 
stepped down to 2300 volts for major motors and to 
440) volts and 220 volts, respectively, for the minor 
motors and lighting circuits distributed about the camp 
and works, as illustrated by Fig. 4. A study of this 
map and Tables I and II, will furnish the essential de- 
tails of power distribution and equipment. 

Altogether, about fifty odd motors are required and 
all but two or three are of the a-c. induction type. The 
largest motors are 400 h. p., for the jaw-crusher and 
sluicing pump, 350 h. p. for the air compressors and 
200-h. p. for the No. 15 crusher. The derrick motors 
are all 100 h. p. The advantages of electric power, for 
the construction plant of the Isle Maligne development, 


TABLE I 
LIST OF MOTORS FOR CONSTRUCTION PLANT 
Application Type | H. P. | Volts | R.P.M. | Number 

Jaw-Crusher:,. gacnic tee eee Ind. 400 | 2200 360 1 
Sluicing Pam pie eee ne ss 400 2200 1800 1 
ING, 5: Crusherveees ewes ce 200 2200 860 1 
Conveyer Nos titan eee re s 75 2200 860 ul 
No: 6: Crusherstecneneere 2 oe s 150 | 2200 860 be 
Convyeyer NOmzrecrs rns tee. sf 100 2200 860 1 
Scalping, Screensieac.. <c.0< < < 50 2200 860 1 
Concreté, Mixers... <5.) s: % 75 2200 900 2 
Comment) Elevator crayon ice neners $ 10 220 900 1 
Screw Conveyers.............. ss leo 220 900 6 
Wb mDLressOrsa 5 bios sate nie ese Syn. | 350 | 2200 200 2 
Hxciter fon Com prescmae chase eee D-c. 125 900 fi 
Water Supply Pump.......... Ind. 25 440 1745 i 
Carpenter Shop acc einer tence « ne 5 220 1800 1 
Carcpenver SNOP" o.'. oh eiee ee ale ss 50 2200 900 1 
Oarpenter Shops 32.0.2 as 2 shies £ 30 440 900 1 
Machine: Shop ss. c.ci sic Gn 2s 0 31 bY 15 220 1150 1 
BAD IORTICKS. meio ecs nisetoreses\ese! hi 100 440 900 ul 
SUGMOLLIGPEICKEM «FSA 4s ene ettes ake “f 100 440 900 a 
Carpenter Derrick............. i? 100 440 900 1 
Cement Unloaders............ és 5 440 720 3 
pot watelW E7bb 0H O}n a Sleis iwc caer pee tee 30 440 1720 1 
Traveler Cranes. ...j<)5,t5s00s. x, =u fe 100 440 900 10 
Construction Derricks......... s 100 440 900 9 
Well Machines seni icde eee sf 10 440 1720 2 
Log-Handling Hoist........... hd 100 440 900 1 
PUMPS ay. eke cet vs ote alfesene € 40 440 1200 2 
2 in: Pum praca tic ate cite sie e 100 440 1800 1 

TABLE II 
LIST OF ELECTRIC TRANSFORMERS FOR CONSTRUCTION 

PLANT 
Oapacity| Primary |Secondary | Num- 
Location Ky-a. Voltage Voltage ber 

Substation. NOs 15 cds ves es 500 44000 2300-460 3 
Substation Nov d owes. ees 75 2200 220-440 2 
ComentiSBed. 2 5)..5.23. 5) 19.3.0) 3 10 1100—2200 110—220 3 
Derrick for Jaw-Crusher...... 75 2200 220-440 1 
Derrick for Carpenter Shop... 75 2200 220-440 1 
Jaw-Crusher Motor House... . 7.5 2200 110-220 1 
Machine Shop ser scons .00 os 37.5 2200 110—220 3 
Substation INOw 1.25.06 I.0a 5 2200 110—220 1 
Carpenter,Shop............. 5 2200 110-220 2 
Watene Dated co. on dciem sistas ote 10 2200 220-440 3 
Horeman's'Camp).......< 4). ./-2.s. 10 2200 110-220 1 
CGN sO Oe: Hacer eh a half aie CAR 5 2200 110—220 1 
Camp IG. Pe ede euch ee ss Y jes 2200 110—220 BY 
Camp... eel ee ccs 5 2200 110—220 1 
Camp Statty, co icrtacke iets 10 2200 110-220 1 
Rumfeldt’s House........... 5) 2200 110-220 1 
Drill Sharpening Shop....... 5 440 110-220 i 
Substation No. 2...........- 500 44000 2300-460. 3 
Lights, Isle Maligne......... 10 460 110—220 3 
Substation Nol Sop wc. css 5 200 2300 460-230 3 
Spare: Transformer. +...°....:-; 500 44000 2300-460 1 
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are a continuous supply from a central source, ease of ° 
distribution with the smallest loss and ae of 
attendance to machines. 


EGUIPMENT FOR DELIVERING CONCRETE 


For the delivery of the concretefrom the mixer plant, 
full-batch buckets, consisting of four cu. yd. bottom- 
dumping buckets, are used; also two-cu. yd. buckets for 
structures of smaller volume. 

The concrete is handled on flat cars of 80,000- to 
100,000-Ib. capacity, which take four four-cu. yd. or six 
two-cu. yd. buckets. Certain work such as portions of 
the power-house substructure were built by depositing 
the concrete by means of chutes. For this purpose, 
special four-cu. yd. wooden boxes provided with steel 
gates were built and four of them placed on a flat car, as 
shown in Fig. 12. By suitable operation of the concrete 
train, a box is brought opposite a chute and the gate 
then opened for discharging the concrete directly 
through the chute to its final place. 


Fie. 12—Train or Four-YAarp BuckETS UNDER TRAVELER 
CRANE IN Process oF DrpositiInc CoNCRETE TO CHUTES 


HOISTING EQUIPMENT: 


With the exception of two small wooden stiff-leg 
derricks, all derricks are built of steel and their capacity 
is in proportion to the power required for handling the 
four-cu. yd. bottom-dump concrete buckets. There are 
distributed over the various parts of the works ninesteel 
stiff-leg derricks and six steel guy derricks. Of special 
interest are the five traveler cranes built for the con- 
struction of the power-house bulkhead and substructure 
and for subsequent use in connection with the construc- 
tion of Spillway No. 4. As shown on the view, Fig. 18, 
each traveler crane consists of two stiff-leg derricks with 
individual hoisting engines mounted on top of a portal 
of steel construction. This portal has a length of 36 
feet, a span of 43.5 ft. between centers of runways and a 
clearance of 19 feet above the three railway tracks, 
arranged within the traveler span permitting trains and 
locomotive cranes to pass under it. These two der- 
ricks handle a load of 10 tons per boom at a radius of 
80 ft. and of 20 tons per boom at a radius of 40 ft. 

The twenty-five hoisting engines for the various 
derricks are of the double-drum type for 34-in. and °%-in. 
diameter rope and have interchangeable parts. Each 
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hoist is fitted with a 100-h. p. motor at 900 rev. per min. 
with suitable drum controller and resistance for three- 
phase, 60-cycle, 440-volt current. Based on 75 per 
cent of the motor horse power, the rating of the hoist is 
9000 lb. at a speed of 275 ft. per min. on a single line. 

The two steam locomotive cranes used on the works 
have a lifting capacity of 25 tons at 15-ft. radius and of 
5 tons at 50-ft. radius. 


ROLLING STOCK 
As: stated before, the railroad from Hebertville to 
Alma Island opposite Isle Maligne is 11 miles long and in 
addition there are 15 miles of service tracks in use on the 
works, all of standard gage. 
The sixteen construction locomotives in operation on 
these tracks are 33- and 40-ton saddle tanks with 14,400- 


Ib. and 17,400-lb. traction power, respectively. For - 


hauling the concrete and other construction materials, 
twenty-two flat cars of 80,000- to 100,000-lb. capacity 
~are used. For excavation and earth-fill work, there are 
available thirty-six 20-cu. yd. air-dump cars and twenty 
6-cu. yd. hand-dump cars. 


DESIGNING FEATURES OF STRUCTURES 
Preliminary examinations made at the sites finally 
selected for the power-house bulkhead and substructure, 
for Spillways No. 1 to No. 4, inclusive in the Grand 
Discharge, and for the spillways in the Little Dis- 
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Fig. 13—View or TRAVELER CRANE USED IN CONSTRUCTION 
oF CONCRETE WORK FOR POWERHOUSE 


charge, indicated that excellent rock foundations, con- 
sisting of hard granite, were available. 


SPILLWAYS 


Since 1913, daily stream-flow records of the Grand 
Discharge and of the Little Discharge of the Saguenay 
River (as well as the daily stages of Lake St. John), 
were taken by the Power Company. 

By Government grant the ordinary high-water level 
of Lake St. John was fixed at el. 257.5 which is 17.5 ft. 
above the zero point of the gage at Roberval on Lake 
St. John, and, to have the full benefit of the available 
storage capacity, it was decided to install movable 
weirs or regulating gates on top of the concrete masonry 
spillways wherever it could be economically done. As 
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shown in Figs, 14 and 16, the regulating gates are built 
of steel and are of the Stoney type, with suspended 
roller trains. All the gates are 40 ft. wide in the clear 
between piers and their top is at el. 257.5 when in closed 


Fiag. 14—FtLoop Gate INSTALLED IN Spituway No. 3 
position. The number and height of gates in each spill- 
way and the corresponding discharge capacities with all 
the gates raised are given in Table III. 


TABLE III 
DISCHARGE CAPACITIES OF 40-FT. WIDE FLOODGATE 
OPENINGS IN SPILLWAYS OF GRAND DISCHARGE AND 
LITTLE DISCHARGE CONSIDERING WATER ELEVATION 257.5 


aan ae a ee Discharge 
: Capacity 
Cu. Ft. 
Number or Number per Sec. 
Name of of fee 
Spillway Gates Height of Gates Per Spillway | Total 
Grand Discharge 
1 6 17 ft. 6 in. 63,400 
2, (0) O in. 0 
3 12 17 ft. 6 in. 126,800 
4 11 27 ft. 6 in. 226,100 416,300 
Little Discharge 
Right Channel 3 17 ft. 6 in. 31,700 
Middle s 0 0 in. 0 
Left § 2 17 ft. 6 in. 21,100 52,800 
Total Discharge of|Lake St. John.! 469.100 


Extending for a distance of about three-quarters of a 
mile from the outlet of Lake St. John, the Narrows of 
the Grand Discharge will be enlarged, thus increasing 
the available water areas both below the low-water 
level, when the present Lake discharge is not sufficient 
for operating all the turbines, and below the high-water 
level, to eliminate the gorging condition at this point. 
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It is not deemed practical to make any excavations in 
the turbulent waters of the Narrows of the Grand 
Discharge before the spillways are completed and the 
water backed up against the rapids and falls in the 
river. According to the construction program, this 
excavation work will be only partially done before the 
Isle Maligne Station begins operation. 

Serious consideration was given to the possible effect 
of ice pressure. As known, the tendency of the ice is to 
expand at rising temperatures and where this expansion 
cannot freely act, it will exert pressure against the 
structures, causing obstruction. The maximum thick- 
ness of ice on Lake St. John is from two to three feet; 
however, its layers are formed under all kinds of weather 
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conditions, which explains the fact that the unit crush- 
ing strength of the ice decreases with the increase in 
thickness of the ice. Furthermore, the heat trans- 
mitted to the ice, due to the rise in temperature of the 
atmosphere, gradually loses its intensity in the bottom 
layers, so that only the top layers of ice will expand and 
exert pressure if obstructed. 

For the structures which are likely to be subjected to 
ice pressure from Lake St. John, an allowance of 20,000 
Ib. per lin. ft. of structure is made in the design. Re- 
ferring to Fig. 15, showing a typical cross-section of 
Spillway No. 1 with masonry crest at el. 257.5, it will be 
noticed that steel reinforeement is provided on the 
upstream face to take care of the ice pressure. 

A typical cross-section of Spillway No. 4, showing the 
arrangement of the regulating gate is given in Fig. 16. 
The masonry in the spillway structures is mass concrete 
with large stones ranging up to five tons, embedded in 
same to secure a good bond between the successive 
layers of concrete. 

No silt pressure against the up-stream face of the 
spillways is considered, since the water carries no silt 
in suspension. An allowance for possible uplift at the 
base of the spillway is made, assuming that full water 
pressure, acting at the heel, decreases to zero at the toe 
in a parabolic function. 

With the exception of spillway No. 2 and the spillway 
in the middle channel of the Little Discharge, neither of 
which have regulating gates, each spillway is provided 


LEE: HYDROELECTRIC DEVELOPMENT OF SAGUENAY RIVER 729 


with a crane runway, supported by steel towers, an- 
chored to the 10-ft. thick piers between the gates. On 
top of each runway, there is a traveling hoist of the 
screw-type, designed for raising and lowering each gate 
at a speed of two ft. per min. under the most adverse 
conditions. For handling stop logs, for which vertical 
grooves are provided at the up-stream end of the piers, 
the traveling hoist is equipped with an auxiliary hoist, 
having a capacity of 10 tons at each end; it can be 
operated by the main hoisting motor and is designed for 
a vertical lifting speed of 10 ft. per min. 

All five traveling hoists have interchangeable parts 
and the motors of the marine type, 550-volt, three- 
phase, 60-cycle are fully enclosed. The main hoist 
motors have a capacity of 80 h. p., each, which is based 
on the power required for handling the 27-ft. 6-in. gates; 
the motors for the traverse have a capacity of 
10 h.p., each. Each screw stem of 6-in. outside 
diameter, is operated by a manganese-bronze operating 
nut, to which the power is transmitted by steel gears. 
The cast-iron case enclosing each hoisting mechanism 
contains a nest of cushion springs sufficiently strong to 
create gradually the necessary overload in the hoisting 
motor and to trip the overload-release switch in case the 
gate should meet an obstruction while being lowered; 
this device will prevent the screw stems from buckling. 
Four rail grippers are provided for each hoist, holding 
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the hoist to the rails while a gate is in operation. The © 
gate to be operated is connected by steel pins to the end 
of the two hoisting-screw stems. On top of the piers 
there are stops, consisting of heavy cast-iron brackets 
with heavy forged steel pawls, which are strong enough 
to support the weight of the heaviest gate when it is in 
raised position and disconnected from the screw stems 
of the traveling hoist. 
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POWER-HOUSE 


Considering the 720-ft. over-all length of the power- 
house and the 163.5-ft. width of the power-house bulk- 
head and substructure at the base, it was deemed 
necessary to provide for expansion and contraction of 
the structure due to temperature changes. Referring 
to Fig. 17, which is a typical cross-section of the 
power-house, an expansion joint is shown between the 
power-house substructure and the forebay structure, 
beginning at el. 137.0 or 1.4 feet below the mean tail- 
water level and ending at the generator floor level. 
This joint, provided along the entire building, separates 
the massy bulkhead structure from the cut-up sub- 
structure containing the turbimes. The plate-steel 
intake pipes embedded in the bulkhead masonry are 
connected to the respective turbine spiral casings by 
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plate-steel stuffing boxes, which will allow for minor 
movements due to temperature changes. Trans- 
verse expansion joints, splitting up the power-house 
substructure in blocks of 108 ft. length and conforming 
to the required spacing of two turbine units, are also 
provided. However, the spacing between the Units 
No. 6 and No. 7, is 67 ft. 6 in. or 18 ft. more than the 
regular spacing so as to have additional room for the 

accommodation of the electric bench-board. 
The rack structure at the up-stream face of the power- 
house bulkhead is built of reinforced concrete and struc- 
tural steel. The top of the rack bars is at el. 236.0 or 
4 ft. below the ordinary low-water level of Lake St. 
John. The-spacing of the 6 by 3¢-in. rack bars is 41% in., 
center to center. ‘ 

The intake to each of the twelve turbine flumes 
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consists of two 16 by 22 ft. openings formed in the con- 
crete masonry. Each opening contains a rectangular 
gate of the butterfly-valve type, having in the center a 
cast-steel girder of 2 ft.-8 in. depth and of 2 ft.-6 in. 
width, with bronze-bushed trunnions of 18 in. outside 
diameter and 24 in. length at each end. The wings of 
cast iron are firmly attached to the girder by machine 
bolts and shrink rods. A built-up cast-iron wall frame 
securely anchored to the masonry is provided with 
machine-finished surfaces at its lower half at which 
point the surfaces of the gate and wall frame come in 
direct contact. The upper half of the wall frame has 
machine finished bevelled faces conforming to similar 
surfaces of the gate. The slot between the upper half of 
the gate and the wall frame is sealed by a set of brass 
flaps attached to the upstream side of the wall frame. 
Each gate is operated by an individual, completely 
enclosed hoist located on top of the power-house bulk- 
head as outlined on Fig. 17. The design of the gate is 
such that the connecting rod, consisting of a 9 in. 
extra heavy steel pipe, is in tension under all operating 
conditions. To prevent buckling of the connecting rod 
when the gate is reaching its lowest position the upper 
pin connection of the rod is machiné-slotted for the pin 
in the cross-head to allow a 4 in. overtravel on the 
downward stroke. There is alsoa nest of heavy coil 
springs in the gear housing of the hoist which will 
act as a cushion for the operating stand in the range 
of over-travel on the downward stroke and gradually 
create the necessary overload, causing a tripping of the 
overload release switch. An allowance of 24 in. for 
overtravel on the upward stroke is made by propor- 
tioning the length of the screw stem and cross-head 
guide. A gate-position indicator is provided on top of 
the hoist, also a limit switch arrangement of moisture 
and spray-proof construction. 


Direct-current, 230-volt, electric power is supplied 
for the operation of the hoists. Each headgate motor is 
completely enclosed, and has a starting torque of 
275 ft.-lb. and a running torque of 140 ft.-lb., based on 
six minutes’ service with a temperature rise not ex- 
ceeding 55 deg. cent. Under the most severe operating 
conditions, the gate may be completely closed or opened 
in five minutes. A weather-proof push-button control 
station is provided for each hoisting mechanism on top 
of the bulkhead, and a non-weather proof control sta- 
tion on the power-house benchboard for distant closing 
ofeach gate. The emergency push-button control on the 
switchboard is for use in accidents only as the intake 
gates can be readily closed when the generator is 
operating under full load. 

Each of the twelve turbine flumes formed in the 
concrete masonry of the power-house bulkhead gradu- 
ally converged into a 22-ft. diameter opening which is 
the beginning of the plate-steel intake pipe forming an 
extension of the turbine spiral casing embedded in the 
power-house substructure. 
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Due to the fact that the turbine draft tubes are of the 
White hydro-cone design, calling for large openings in 
the lower part of the power-house substructure, 
considerable steel reinforcement was required in this 
portion of the structure to take care of the super- 
imposed loading. 


18—GerneraL View or IncompLere PowsruHovusse, 
Looxine Upstream 


Fig. 


The power-house superstructure, shown in Fig. 18, is . 


built of hollow tile and face brick of buff color which 


encase the structural steel frame supporting the roof 


19—ExcavaTION WorK IN TAILRACE 


trusses and the steel runways for the two 100-ton 
capacity electric cranes in the generator room. The 
hollow tile face in the interior of the power-house is 
covered with plaster and finished with a coat of paint. 
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the tail-race is estimated to be 50,400 cu. ft. per sec; 
for eight units it is 33,600 cu. ft. per sec. Measured at 
the bottom the width of the tail-race immediately 
below the downstream face of the powerhouse is 
657.5 ft; the depth below normal watersurface is 23 ft. 
The total length of the tail-race to the foot of Isle 
Maligne where it joins the Grand Discharge is 800 feet, 
of which the downstream portion of 240-ft. length has a 
bottom width of 300 ft. The maximum velocity of 
water in the tail-race is estimated to be 8.1 ft. per sec. 
with all 12 turbines operating at full load. 

Practically all of the tail-race excavation consisted of 
hard rock, as may be seen on the illustration, Fig. 19. 


EARTH DAM 

The only. structure to withstand water pressure, 
which is not built of masonry, is the earth dam across 
the ravine near Spillway No. 4 on Alma Island. Pre- 
liminary examinations and test borings made at the 
site disclosed the fact that below the 10 ft. thick over- 
burden of muskeg there is a layer of impervious clay of 
about 15 ft. thickness before rock formation is struck. 
It was, therefore, decided to wash out the layer of mus- 
keg by means of a hydraulic monitor and to build a 
semihydraulic fill with a clay core in the center and 
slopes as indicated on the cross-section, Fig. 20. 

The earth dam has a length of 650 ft. measured on 
top. The upstream slope is covered with riprap for 
protection against the action of waves and ice. 


STATION INSTALLATION 


The power-house design calls for the installation of 
12 vertical-shaft, single-runner, Francis-type turbines, 
having plate-steel spiral casings and operating at a 
speed of 112.5 rev. per min. Eight turbine units are 
now comrletely installed and all the parts which go into 
‘the concrete for the four additional units are in place. 
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Fig. 


The generator floor and the 5-ft. high inside face of the 
concrete water table are covered with glazed tile. The 
large window sashes are built of steel and are securely 
attached to the steel columns supporting the roof 
trusses. The roof consists of reinforced gypsum slabs 
resting on steel purlins and the top of the slabs has a 
finish of tar and gravel. 


TAIL-RACE 


When all twelve turbines are operating at full load 
and under 110 ft. effective head, the total discharge into 
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The range in head on these turbines is between 100 ft. 
and 120 ft. and within these limits the rating of each 
unit is as follows: 

Head in feet...... 
Horse power at 

best efficiency . . 

Maximum horse 


100 105 110 115 120 


35,000 37,500 40,000 42,500 45,000 


40,000 42,500 45,000 47,500 50,000 

An individual governor system operating under an 
oil pressure up to 220 lb. per sq. in. is provided for each 
turbine, and the piping is so arranged that the governors 
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may be operated separately or as an interconnected 
system in units of four, each. The governor fly- 
balls are directly connected to the turbine shaft below 
the rotor. The governor stands, gear-type oil pumps, 
pressure tanks and receiving tanks are located in the 
spacious power-house basement or, better expressed, 
in the turbine room. An emergency-stop device is 
installed for each turbine, enabling the operator at the 
benchboard to shut the turbine gates and stop any ma- 
ehine without the assistance of an operator in the 
turbine room. 

The closing time for the governor for the full stroke of 
the servo-motors is three seconds. 

The eight generators directly connected to the tur- 
bines now completely installed have a continuous full 
load rating of 30,000-kv-a. or 24,000-kw. at 80 per cent 
powerfactor, 138,200-volt, three-phase, 60-cycles, 112.5- 
rev. per min. They are guaranteed for a temperature 
rise, not to exceed 55 deg. cent.; the required exciter 
capacity is 185 kw. Each generator will carry 35,000 
ky-a., continuously at normal voltage and 80 per cent 
power factor, with a temperature rise, not exceeding 
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and the overtlow oil from each bearing is carried back to 
the lower reservoir for recirculation. 

Large brakes are provided for four of the eight arms 
of the lower generator bearing bracket. If operated by 
air pressure, the brakes will stop the generator with the 
turbine gates closed and if operated by oil pressure from 
the governor system, the brakes may be used as jacks 
to lift the rotor. Cast-iron stools are provided for 
mounting on the bracket arms to support the rotor 
when lifted. 

The generator armature is star-connected and the 
six leads are brought out from the upstream side of the 
generator. By means of a 15,000-volt disconnecting 
switch, the neutral tie is connected to the neutral bus 
consisting of a 34 in. copper tube suspended by porce- 
lain insulators to the mezzanine floor along the upstream 
side of the power-house and it is then grounded outside 
of the station. 

A diagram showing the connection of the main gener- 
ator leads with the low-tension bus system is shown on 
Fig. 21. It will be noticed that the connections from 
the generators No. 38, 4, 9 and 10, which are left blank, 


30000 kv-a Transformer 
Bank 13200/66000V. 


+ Neutral 


ai Syn. PTS. 3200/M0V 


— 
3-2x4 “Cop. Bars tt 
a = IO 


Disc Ss. 30004. oa 


ogee os 7p Pl] pga 


Sta.Aux.Cire. Bh ~ 
30004. /5000V. = 


all] Syn. PT. 13200/N0V. 


Lice os Disc. Sws, 30004. 
2 /5000 V. 
3 6 3-gx4'Cop Bars 
; Meter CTS. 2000/54. 


2 
Diff CTS ‘BmnfsA. ia te y 
Disc.Sm. sire 
30000Kv-a Gen. 3 $i 6004, (5000 V. | i 


gela z 
DO EY Aina Nel he? No3  No4 No.5 No.6 


70 deg. cent. by thermometer, and with a required 
exciter capacity of 210 kw. It will also carry 24,000 
kw. continuously at 15,180 volt and 80 per cent power 
factor. The guarantees are based on the cooling air 
having a temperature of 40 deg. cent. or lower. Each 
generator is equipped with an upper and lower guide 
bearing. The thrust bearing on top of the generator is 
of the Kingsbury type and its housing is provided with 
water cooling coils. 

The individual exciters placed above the thrust 
bearings have a full load rating of 185 kw. at 250 volts 
and 112.5 rev. per min. and are guaranteed for a tem- 
perature rise not to exceed 40 deg. cent. Followed by 
225 kw. load for 24 hours, the temperature rise is not 
to exceed 50 deg. cent. 

The oiling system of each generator unit is self con- 
tained and automatic in operation. The thrust bear- 
ing is immersed in an oil reservoir containing water- 
cooling coils located on top of the upper bearing 
bracket. A gear pump, mounted in a smaller oil 
reservoir located below the lower bearing bracket, is 
driven by a gear on the generator shaft and forces the 
oil to the upper thrust bearing reservoir. Proper pipes 
also conduct the necessary oil to the two guide bearings 
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are indicated by dotted lines. The generator leads and 
the transfer busses are built up of three 14 by 4 in. 
copper bars and the spacing between conductors is 
18 in. Normally each generator feeds its own 
transmission line and the duty of the low-tension bus 
system is to transfer power from another generator in 
case of emergency and to provide the means for deliver- 
ing power to the transformers for the station auxiliaries. 

The triple-pole, single-throw generator and bus oil 
circuit breakers are identical in construction and of the 
same capacity. The rating of each circuit breaker is 
3000 amperes at 15,000 volts and the guaranteed in- 
terrupting capacity is 65,000 r. m. s. amperes at 13,200 
volts. The cell structure for the breaker is of rein- 
forced concrete and each pole is mounted on a casting 
provided with wheels to enable rapid roll-out for in- 
spection. An electrically-operated motor mechanism 
is provided for each breaker and arrangement is made 
for emergency manual operation. Direct-current power 
at 230 volts, for the operation of the mechanism, is 
furnished from a 25-kw. motor-generator set. 

The benchboard is located on an extension of the 
mezzanine floor into the generator room between units 
No. 6 and 7. It is of the continuous closed type and 
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has a length of 40 ft. The auxiliary vertical board 
containing recording ammeters, volt-meters, watthour 
meters and relays is 16 ft. 4 in. long and 7 ft. 6 in. high. 

The control circuits are for 230 volts and the lighting 
circuits for 115 volts. They are placed in 11% in. di- 
ameter pipe conduits embedded in the generator and 
mezzanine floors and the estimated aggregate length of 
conduits in the power-house, including a number of 
flexible conduits, is 108,500 ft. 

For station use, there are installed two banks of 
transformers which are located in the center of the 
high-tension room and each bank consists of three 200- 
ky-a. single-phase transformers, stepping down the 


Fig. 22—Corrrerpam No. 1 unpDER CoNSTRUCTION 


voltage from 13,200 to 550 volts. The two 100-ton 
capacity power-house cranes, the 100-ton capacity 
crane for lifting and transferring apparatus from the 
generator room to the high-tension room, the 60-ton 
capacity gantry crane on top of the power-house bulk- 
head and the sixteen headgate hoist motors now in- 
stalled, are using 230-volt direct current. The power 
for operating these motors is furnished by a 200-kw. 
motor-generator set. The three air compressors sup- 
plying compressed air for the governor system and the 
two air compressors for general station use are driven by 
alternating-current motors at 220 volts; power is 
furnished through three 25-kv-a. single-phase 550- to 
220-volt step-down transformers. For station lighting 
the current is stepped down in three 25-kv-a., 550/ 
110-volt single-phase transformers. 

All these motors, including the 550-volt induction 
motors driving two 1200-gal. per min., 65-ft. head, 
centrifugal pumps furnishing cooling water for the high- 
tension power transformers, the 25-kw. motor generator 
set and all station lighting circuits, are supplied by the 
first bank of transformers. At present, the other bank 
of transformers is delivering power at 550 volts to one 
150-h. p. induction motor, driving a centrifugal pump of 
1200-gal. per min. capacity against a head of 400 ft., 
forming part of the general water supply system for the 
entire Isle Maligne development; provision is made for 
the installation of two additional pumps of the same 
capacity for future use. 

METHOD OF CONSTRUCTION 


With the exception of some isolated bridge piers which 
were built by contract, the entire construction work for 
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the Isle Maligne development was done by force ac- 
count. The work was prosecuted uninterruptedly and 
while the winters were long and severe, with tempera- 
tures reaching 45 deg. below zero fahr., the snow on the 
ground permitting haulage on sledges; the formation of 
ice on the river where the current was not too swift 
made it easier to build cofferdams. Beginning with 
November, the Saguenay River gradually falls until 
extreme low-water is reached around the end of March; 
advantage of this season was taken to build the main 
cofferdams and temporary rock fill dams. The pro- 
cedure was to build up the cribs on the ice, then to cut 
out the surface to be occupied by each crib and to drop 
and sink the crib into position. The extreme high- 
water stage of the Saguenay River is reached around 
the end of May, flood conditions lasting until the end of 
June. It was, therefore, necessary to build high cof- 
ferdams so as to have no delay in the construction work 
during the late spring and to have the full benefit of 
the early summer season with long hours of daylight. 


POWER-HOUSE CONSTRUCTION 

The power-house construction and the tail-race ex- 
cavation involved the largest volume of work to be 
done. The first step taken was to immediately con- 
struct the cofferdams across the left channel of the 
Grand Discharge at both the head and foot of Isle 
Maligne, so as to be able to unwater the power-house 
foundations and the tail-race area. The upstream 
cofferdam, marked No. 1 on Fig. 4, was commenced in 
January 1923 after a construction force had been 
organized. With the exception of a 200-ft. long section 
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across a highwater channel on the Isle Maligne shore, 

which was closed in the following July as the water sub- 

sided, it was completed in two months. This cofferdam 
is of the usual crib construction, rock filled, with two 

layers of 11% in. sheathing on the up-stream face; how- 

ever, its length is, 1148 ft. and its maximum height 42 

ft. Fig. 22 is a view showing the cofferdam under 

construction. 

The cofferdam at the foot of Isle Maligne, marked 
No. 4 on Fig. 4, was built to shut off the backwater of 
the Grand Discharge from the tail-race excavation and 
to give a footing for a timber trestle, forming part of the 
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construction railroad system for the transportation of 
excavated rock from the tail-race to the crusher plant. 
The length of cofferdam No. 4 is 627 ft: and a typical 
cross-section of same is shown on Fig. 23. 

With the power-house foundations unwatered, a steel 
trestle of 715 ft. 6 in. length, carrying three lines of 
standard track and a runway of 43 ft. 6 in. gage to 
accommodate four traveler cranes was built. This 
trestle, a view of which is shown in Fig. 24, covered the 
entire length of the power-house and the top of rail for 
the three tracks was at el. 188.0, which is 50 ft. above 


Fig. 24—Construction TRESTLE FOR POWERHOUSE 
the normal tail-water level; it was completed during the 
end of December 1923, two months later traffic was 
started over the bridge connecting with the railroad 
system on Alma Island. 

The steps followed in the construction of the power- 
house bulkhead and substructure, the relative location 
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of the steel trestle and an outline of the traveler crane 
are indicated on the section, Fig. 25. It will be noticed 
that the masonry is subdivided into five blocks. Ac- 
cording to the schedule, Block No. 1 and the power- 
house bulkhead extension to el. 197.5, containing al- 
together 89,000 cu. yd., were built first so as to eliminate 
any possible danger from extreme high-water which 
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cofferdam No. 1 could not safely hold back. This work 
was completed the middle of April 1924, six weeks before 
the river reached its highest stage, records being taken 
by the Quebec Development Company. At that time 
the peak of the high-water was within one ft. of over- 
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topping the cofferdam. Block No. 2, forming the power- 
house substructure proper and containing 60,711 cu. 
yd. was completed end of November 1924; Block No. 
3-b of 61,474 cu. yd. end of December 1924. In Block 
No. 3-a containing 53,961 cu. yd., the 28 steel bents of 
the construction trestle were embedded and _ this 
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work was completed middle of October 1924. Block 
No. 4 of 39,527 cu. yd., the last portion of power-house 
masonry, was completed in March 1925. 

The power-house design called for a gantry crane 
running on top of the bulkhead and capable of lifting 
any of the 24 headgates provided for the penstock in- 
takes. This crane has a capacity of 60 tons when the 
main hoist is operated and of five tons with the auxiliary 
hoist running; in addition two bracket hoists of five tons 
capacity, each, are provided for lowering and raising 
stop logs in front of the rack structure. Immediately 
after completion of Block 3-b, the gantry crane was 
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erected, being used for unloading and lifting each head- 
gate on top of the bulkhead and transferring and lower- 
ing same to its respective position. Each 16-ft.by 22-ft. 
headgate weighs 108,000 lb. and railroad clearances 
permitted the gates to be shipped assembled in special 
flat cars. A view showing a headgate being lifted by the 
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Fie. 29—IncomPLeTEe Temporary Dam No.6 or Rocx-Finu 
ConstTRUCTION BETWEEN BaRNABE ISLAND AND IsLe Matiene, 
ABOVE SprILLWwAy SrTE No. 4 


Fie. 30—Spittway No. 4 UNDER CONSTRUCTION, SHOWING 
TRAVELER CRANES ABOVE Drrnr River SECTION 
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house bulkhead at right angles to same, was built 
simultaneously with the power-house masonry. -Ac- 
cording to the program the right channel of the Grand 
Discharge at the head of Isle Maligne was closed up 
(as described later), on February 15, 1925; and the 
cofferdam No. 1 blown out so as to return the riverflow 
to the Left Channel and to discharge water through two 
of the turbines operating temporarily under a head of 
70 ft. The gaps left in the masonry of Spillway No. 1 
provided additional discharge capacity so that the 
normal flow of the Grand Discharge could be controlled 


during the critical construction period when the deep 


foundations for Spillway No. 4 were being unwatered 
and the masonry built up. Fig. 27 shows a view of the 
uncompleted Spillway No. 1 and its relative location to 
the Right Channel of the Grand Discharge. 


Spillways No. 2 and 8 are located in natural depres- 
sions of Isle Maligne above the present highwater line, 
but below the final raised water level, and no special 
difficulties were encountered in the construction of 
these structures. Spillway No. 3 was completed in 
January 1925 and a view of same is shown on Fig. 28. 


The final control of the Saguenay River and the 
raising of the water to the level of the Lake St. John was 
accomplished by the construction of Spillway No. 4 
and this work called for the most careful planning, 
so as to complete the structure at the scheduled date. 
Due to the great depth and the swift currentit was not 
found practical to build a cofferdam across the right 
channel of the Grand Discharge immediately above the 
site of Spillway No. 4 to hold back the entire stream. 
It was, therefore, decided to go further upstream and use 
the channel between Barnabe Island and Isle Maligne, 
where much more favorable conditions for the location 
of a temporary dam were encountered. This layout 
called, however; for the location of another cofferdam of 
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gantry crane above the special railroad car is shown on 
Fig. 26. , 
_ SPILLWAY CONSTRUCTION 

The major part of Spillway No. 1, which is located on 
Isle Maligne and forms an extension of the power- 
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475 ft. length across the so-called Barnabe Channel 
between Barnabe and Alma Islands; but this channel 
was practically dry during the construction period and 
offered no difficulties. The temporary dam between 
Barnabe Island and Isle Maligne is marked No. 6 on the 
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general plan, Fig. 4, and it is of rock fill construction as 
shown on Fig. 29. This arrangement made it possible 
to divert the river flow into the left channel of the 
Grand Discharge after the cofferdam No. 1 at the head 
of Isle Maligne was blown out, and to discharge the 
water through the turbines operating under a reduced 


Fic. 32—Sprnnway Across Ricut CHANNEL oF LITTLE 
DISCHARGE UNDER CONSTRUCTION 


head of 70 ft. and through the temporary gaps left in 
Spillway No. 1, which accomplished the unwatering of 
the deep portion of the riverbed at the site of Spillway 
No. 4 for the construction of the masonry. 

During the time that these two temporary dams were 
being built, concrete masonry was laid from both ends 
of the spillway site and steel runways placed on top of 
each of the completed masonry sections for the ac- 
commodation of two traveler cranes which were pre- 
viously used in the construction of the power-house 
masonry. As shown in the illustration, Fig. 30, 
these two traveler cranes cover the entire deep river-bed 
area, which was unwatered. The method of building 
up the masonry for Spillway No. 4 and making the final 
closure is indicated on the profile, Fig. 31. 

The spillways in the three channels of the Little 
Discharge at the outlet of Lake St. John were con- 
structed during the winter season of 1924-1925 when 
only the small flow through the right channel was inter- 
fering with the work. A view showing the spillway 
across the right channel of the Little Discharge under 
construction is shown on Fig 32. 
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CONSTRUCTION OF EARTH DAM 


The construction of the earth dam across the ravine 
near Spillway No. 4 on Alma Island was commenced in 
May, 1924. The foundation was cleared of all vege- 
table matter and the muskeg over-burden in the low 
part of the ravine.removed by use of a hydraulic 
Monitor. 

Suitable borrow pits for both the gravel dikes forming 
the outer thirds and the clay core of the fill were found 
within a short haul of the dam. The fill material was 
excavated with a 2 yd. steam shovel and loaded into 
6 yd. dump cars made up in trains and transported by 
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locomotives to the upstream and downstream construc- 
tion trestles as indicated on the typical section through 
the earth-fill, Fig. 20. The material was then dumped 
into wooden chutes placed at intervals and washed 
down into the pool between the two dikes by means of 
a hose pipe with the nozzle attached to a push car moved 
along the train track, as shown on the view, Fig. 33. 

Work on the fill progressed until middle of December 
1924, at which time the dam was 82 per cent complete 
and during freezing weather, occurring previous to this 
date, the areas of the fill on which no work was done 
were covered with tarpaulins and a series of steam pipes 
run underneath the cover. 
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Synopsis:—In view of the present trend toward three-phase 
secondary distribution involving, in some cases, a change from a two- 
phase system, an analysis of the engineering and economic elements 
of a two-phase system may be of value. The two-phase five-wire 
secondary system is examined in the light of fundamental require- 
ments, such as service continuity, safety, standard voltages, 
flexibility, low cost, etc., and compared particularly with the three- 
phase, four-wire star system. Many of the advantages of the two- 
phase, five-wire system result from the diametrical connection of the 
two phases, from the inherent balance thereby obtained, and from 
the greater power carried per wire. An important advantage of the 
two-phase, five-wire system lies in the fact that single-phase, two- 
wire and three-wire loads and two-phase loads can be supplied at 
standard voltages from combination lighting and power secondaries 
and that new loads can be flexibly supplied through all stages of load 
growth. There are marked advantages from a construction and 


operating point of view in having ordinarily only two transformers 
in banks which supply two-phase secondaries from either two-phase 
or three-phase primaries. The two-phase, five-wire system has 
certain advantages as to metering and a comparison of the first cost 
and the annual cost of two-phase and three-phase motor installa- 
tions, with wiring, shows small differences. The inherent cost 
differential between two- and three-phase secondaries with several 
types of primary systems ts shown to be of such a small magnitude 
that the cost of change over from one type of system to another may 
over shadow the theoretical savings. Accordingly, with a relatively 
small inherent cost differential between the existent system and one 
having certain more or less proved advantages and disadvantages, 


. the central station engineer must produce extremely strong arguments 


leading out of his local situation in order to justify a change from 


the existing system. 
Oo OR 


ENGINEERING AND ECONOMIC ELEMENTS OF T'wo- 
PHASE, FIVE-WIRE DISTRIBUTION 


INCE the inception of alternating current distribu- 
tion, initially single-phase, there have been devel- 
oped various schemes of polyphase distribution, the 
oldest of these being two-phase. Formore than the past 
decade the change-over of distribution systems from 
two-phase to three-phase has been considerable. Usually 
the justification for the change-over of any distribution 
system lies in the particular combination of conditions 
which appertain to the territory and system in ques- 
tion. It may be unsafe to derive conclusions for any 
particular locality from those reached in another lo- 
eality .or from generalized or purely theoretical 
grounds. 
The subject of the best type of distribution system 
has received intensive study by many electric companies 


and, in view of the present general trend to three-phase, 


it is felt that many of the features of a recent analysis 
of a system which still has two-phase distribution for 
its secondary and 2300-volt primary systems, will be 
of particular interest at this time. 

For reasons which will be stated later, this paper gives 
consideration to secondary distribution suitable for the 
supply from the same mains of both light and power, 
with only such references to primary distribution as 
appear necessary for completeness. Distribution trans- 
formers, however, are treated as.a part of the secondary 
system. 


FUNDAMENTAL REQUIREMENTS 


_As a basis for further discussion, the fundamental 
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requirements which must be met by any secondary 
distribution system, in order to meet the requirements 
of the customer with safety and economy, are 
outlined. 


CUSTOMERS’ AND UTILIZATION REQUIREMENTS 


1. Service Continuity. A high degree of service 
continuity is required for all classes of service. This 
is afforded by various feeder, main and service com- 
binations with their requisite protective equipment to 
afford the desired service insurance. 

2. Safety. Forasecondary distribution system, the 
requirement for safety is met according to present 
accepted ideas by a service voltage of approximately 
115 from any wire to ground. Existing wiring stand- 
ards and appliances allow this voltage to be handled 
safely for a wide diversity of applications. 

3. Standard Voltage. The voltage for lamps has 
been standardized at 115 volts, with 120 volts as an 
allowable higher figure. The voltage for motors for 
combined light and power systems has been standard- 
ized at 110 and 220. Any system of distribution should 
conform to these basic voltage standards, established 
through years of experience and investigation. 

4. Voltage Regulation and Balance. The inherent 
voltage regulation and balance of the secondary dis- 
tribution system must be such that, with the usual 
voltage regulating equipment at the substation, the 
variations of service voltage, on all phases, and under 
all load conditions, will be kept within a value which 
will not impair illumination from lamps nor service 
from motors and appliances. 

5. Customers’ Equipment and Wiring. The type of 
distribution system should be such that the customers’ 
equipment may be of standard, readily secured types 
and the wiring simple, efficient, and inexpensive. 
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DISTRIBUTION SYSTEM REQUIREMENTS 


1. Simplicity and Standardization. Separate or 
combination light and power service should be readily 
available from a single set of mains in order to take the 
maximum advantage of diversity between power and 
lighting loads. The distribution system should make 
use of standard equipment. 

2. Load Balance. The secondary distribution sys- 
tem should be readily adapted for service both to single- 
phase and to polyphase loads without material load 
unbalance between the phases. 

8. Voltage Balance. The voltages of the different 
phases should remain balanced with respect to each 
other and to ground. 

4. Adaptability to Physical Conditions. The dis- 
tribution system should be equally adaptable to aerial 
or underground construction, to urban, suburban, and 
rural conditions, and to residential, commercial, and 
manufacturing districts. 

5. Growth Adaptability. The secondary  distri- 
bution system should be adaptable to all stages of load 
growth and load density, by means of additions and re- 
inforcement, and with the minimum amount of recon- 
struction work at any stage. When the initial single- 
phase lighting load in residential areas eventually 
develops demands for polyphase service, the distribu- 
tion system should be sufficiently flexible to render such 
service without extensive changes. 

6. Investment. There should be the minimum 
investment in mains, services, transformers, meters, etc. 
The annual charges on the investment are usually the 
largest portion of the total annual cost of the secondary 
distribution system. 

7. Power Losses. Thesecondary distribution system 
should have low power losses. This requirement is 
usually met when the requirements for voltage re- 
gulation are properly met. 

8. Operating and Maintenance Costs. These costs 
should be low. They usually will be a fairly constant 
percentage of the investment. 


COMBINED LIGHT AND POWER SECONDARIES 


The treatment of the subject throughout is based on 
the requirement of a system suitable for the supply of 
power and lighting, either single-phase or polyphase, 
from the samemains. A study of the economic advan- 
tages of combination mains, under assumed average con- 
ditions, points toward savings of the order of twenty 
per cent in the total annual cost (fixed charges and 
losses) of transformers, mains and services, as compared 
with separate transformers, mains and services for 
lighting and power. It is recognized that there are and 
will be many instances, particularly on aerial systems, 
where the use of separate lighting and power mains is 
necessary to prevent fluctuating power loads or the 
frequent starting of motors from impairing lighting 
service, and that on many systems the mileage of sep- 
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‘power carried per wire. 
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arate lighting and power mains greatly outweighs the 
mileage of combined mains. 


THE 'TWO-PHASE, FIVE-WIRE SECONDARY SYSTEM 


The two-phase, five-wire secondary system is shown 
schematically in Fig. 1. The system is strictly a 
four-phase, five-wire diametrical system, with 115 volts 
to neutral. This diametrical connection is responsible 
for many advantages of the two-phase system, owing to 
the relative independence of the phases. If there is any 
virtue in the number of phases, surely such a four- 
phase system should compare favorably with the 
three-phase! 

The two-phase, five-wire system has the following 
outstanding features: 

Standard 115 volts for lamps and appliances. 
Standard 115 or 280 volts for motors. 
Voltage to ground balanced. 

Load balanced. 

Two transformers per bank. 

Transformers or standard ratio and voltage. 
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Fig. 1—Scummatic Diagram or CONNECTIONS FOR Two-PHASE, 
Five-WirrE SEeconpary Mains 


POWER PER WIRE 


Considering the secondary distribution problem from 
a fundamental point of view, it will be realized that the 
condition which largely influences the economic ad- 
vantages of one system over another is the amount of 
Table I shows the amount of 
power per wire for various systems, all with 115-volt 
lamp voltage (EZ), assuming the same current (J), per 


TABLE I 
POWER PER WIRE 
No. of Power , Power Carried 
System Wires Carried Per Wire 
5-wire 2 ¢ 115-230 Volt... 5 4ETI 4/5 EI. =0.80 El. 
4-wire 3 ¢ 115-199 Volt... 4 3 ETI. 3/4 EI. =0.75 El. 
3-wire 1 ¢ 115-230 Volt... 3 2ET 2/3 EI. =0.667 Elf. 


2-wire 1 ¢ 115 Volt....... 2 1/2 EI. =0.50 EI.* 


*Voltage regulation requirements will often operate to reduce this 
value as a comparative measure of power per wire. 
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wire and the same size wire. This comparison is based 
on equal voltage drop and therefore represents equiva- 
lent conditions for the distribution systems set forth. 

The two-phase, five-wire system carries 6.6 per cent 
greater power per wire because, with 20 per cent more 
copper, it carries 33 14 per cent more power than the 
three-phase, four-wire system having the same lamp 
voltage. 


INHERENT ADVANTAGES 


Consider the inherent advantages of the two-phase, 
five-wire system. It hasa fifth or neutral wire common 
to two independent 115-230-volt phases. A current in 
the neutral is caused only by a load unbalance on one 
side of a phase and this is ironed out in the trans- 
formers. 

The neutral of the three-phase, four-wire star system, 
and also the transformers, will carry the resultant cur- 
rent due to any line—neutral load unbalance, and thus 
transfer the unbalance to the primary mains. 

In a secondary distribution system, which ordinarily 
supplied both single-phase and polyphase loads of 
various types, there is inevitably unbalance between 
line and neutral loads and the effect of this upon the 
voltage balance of the system is inherently greater with 
the three-phase, four-wire star system than with the 
two-phase, five-wire system. 

In the aerial plant, standard cross arms and racks can 
be utilized practically as efficiently by the two-phase, 
five-wire system as by the three-phase, four-wire system. 
Four wires utilize practically as much space as five 
wires and the four wires will have to be larger for the 
same amount of power carried under the same 
conditions. 

In the underground plant the two-phase, five-wire 
system can make use of single conductor, two-con- 
ductor, three-conductor, or four-conductor cable as 
local duct, heating, loading, and service conditions 
warrant. Under many conditions, where it is econom- 
ically preferable to install mains on two sides of a street, 
the two-phase, five-wire system affords a very flexible 
method of rendering service to loads largely single- 
phase on each side of such a street while still maintain- 
ing balanced load on the mains and phases. 

With heavy load densities, the two-phase, five-wire 
system may readily be accommodated with one phase 
in each of two ducts. There is a consequent improve- 
ment in the transmission of heat from the cables and a 
decrease of the hazard to service from one phase in the 
event of.a fault on the other phase. The three-phase, 
four-wire star system requires a voltage unbalancing 


arrangement of the cables if two ducts are used, unless" 


all three phase conductors are in each duct. 

Although local conditions will materially affect the 
handling of any underground system, it is felt that the 
two-phase, five-wire system hasat least every advantage 
that the three-phase, four-wire has in best utilization of 
pole and duct space. 
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COMPARISON WITH THREE-PHASE, FouR-WIRE STAR 
SYSTEM 


On the other hand, the three-phase, four-wire second- 
ary system forces the distribution engineer into a choice 
of one of the following dilemmas: 

1. A decrease in the motor service voltage to 199 
volts nominal, with 115-volt lamp voltage. This 
may require the development of a new line of motors, or 
the de-rating or under-loading of the present line of 
220-volt motors. . 

2. An increase in the lamp voltage to 133, thus 
bringing the motor service voltage to 230. This 
requires the introduction of a new line of lamps and 
appliances and a new line of distribution transformers, 
or the marked over-excitation of the present standard 
ratio transformers to give 133 volts, secondary. Also 
changes to present standards for substation equipment 
might be necessary. 

3. A compromise raising the lamp voltage to around 
125, and decreasing the motor voltage to around 216. 
This presents complications with lighting, appliance, 
and motor loads, as the compromise voltages are often 
high for lamps and appliances and materially, if not 
seriously, below the 230-volt standard for motor service. 

4, The use of auto-transformers for stepping up 
the main voltage of 115-199 to 230 volts for motors. 
Under conditions where the lighting and power loads on 
a secondary main system are approximately equal, it 
would then be necessary to transform one-half of the 
load from 115-199 volts up to 1383-230 volts by means - 
of auto-transformers. Assuming an average connected 
load per power customer of 12.5 kv-a. in power, a fair 
average figure for an underground city area, it is esti- 
mated that the necessary auto-transformers (excluding 
installation costs) would .cost more than twenty-five 
per cent of the entire investment in secondary mains, 
conduits, and manholes. 

The service which on the two-phase, five-wire system 
would be three-wire, 115-230 volts, single-phase, on the 
three-phase, four-wire system must be either (a) two- 
wire, 115-volt, single-phase, or (b) three-wire, 115-199 
volt, open “Y’’, or (c) three-phase, four-wire. Each of 
these solutions results in higher losses, poorer voltage 
regulation, unbalanced voltage, higher investment, 
singly or in combination. 

The two-phase, five-wire system requires none of these 
compromises or sacrifices. : ne 

In this comparison, consideration has not been given . 
to the various other three-phase secondary systems 
which do not have some of the disadvantages of the 
three-phase ““Y’’— connected system. They have other 
combinations of disadvantages which are summarized 
in ‘“Alternating-Current, Low-Voltage Networks,” 
Serial Report of the N. E. L. A., Publication No. 25-1. | 


TRANSFORMER INSTALLATIONS 


For the purpose of this paper, the transformer in- 
stallation for supplying the secondary mains from the 
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primary distribution system is considered as a part of 
the secondary system. In considering the transformer 
installation, it is fully as important that attention be 
directed to the construction and cost elements of the 
supporting structure for the transformers if on a pole, or 
to the manhole or vault if the transformers are subway 
type. 

For the two-phase, five-wire, 115-230 volt secondary 
distribution system, the connections will be as shown 
in Figs. 24 and 2B for a two-phase primary and in Fig. 
2c for a three-phase primary. In all of these combina- 
tions, for a given size bank, only two transformers, or a 
multiple of two, are required. For the three-phase, 
four-wire system, three transformers, or a multiple of 
three, are required. The use of polyphase transformer 
units is practicable for either two- or three-phase, but 
certain service and operating advantages are generally 
felt to be lost as compared with standard single-phase 
units. 


2 hase -D Wire Hrimay 


4 At 
& Az 
(‘s (ay 


(@) 


2 Fhase - Avtire Frinary 


@) 
3 /hase 3 Wire Primary 


Fig. 2—TRANSFORMER CONNECTIONS FOR SUPPLYING TWwo- 
Puasst, Five-WirE Sreconpary Mains rrom Two-PHaAsb or 
THREE-PHASE PRIMARY CIRCUITS 


There are marked advantages of having ordinarily 
two transformers per bank, with the two-phase system. 
On the aerial system, two units can be hung or arranged 
much more readily on a pole, with minimum decrease of 
working and climbing space for linemen. The mechan- 
ical advantages of a balanced transformer arrangement 
are apparent from Fig. 3. In the underground system, 
the use of two transformers is generally more economical 
of manhole space than the use of three transformers. 

With two-phase primaries, standard transformers 
may be used in connection with the five-wire, two- 
phase secondary system. In the case of three-phase 
primaries, standard transformers with Scott taps are 
readily available at a slight increase in cost per unit. 

The Scott connection and the combination of three- 
phase primaries with two-phase secondaries has some- 
times been referred to as a hybrid scheme. Let us 
reserve judgment on this matter and base our conclu- 


CHASE: TWO-PHASE, FIVE-WIRE DISTRIBUTION 


Transactions A. I. EK. E. 


sions upon common-sense engineering which must 
recognize construction, operating, and cost facts in 
addition to purely theoretical considerations. 

In the modern Scott-connected transformer bank, 
there is a voltage unbalance of the order of one and 
one-half per cent, and a phase displacement of the order 
of one and one-half degree at eighty per cent power 
factor and much less at higher power factors. It can be 
readily shown that the per cent voltage unbalance caused 


Fig. 3—TypicaL ConsTrucTION—Two-PHAsE TRANSFORMER 
BANnkK 


by 100 amperes per wire in approximately 500 feet of 
three-phase, 115-199 volt, four-wire No. 00 secondaries on 


‘ across armwith standard 14-inch spacing, isabout the 


same as in a Scott-connected transformer bank having 
approximately five per cent impedance. There is no 
such inherent unbalance in two-phase, five-wire secon- 
daries, when properly grouped, as the phases are sepa- 
rate and diametrically connected. The existence of 
current in the neutral will affect the voltage balance 


2 PUASE-% WIRE 
Fig. 4—Typicat ARRANGEMENTS OF SECONDARY Matns on 
Cross ARMS 


3 AYASE - 4 WIRE 


of the three-phase system more seriously than that of 
the two-phase system. 

See Fig. 4 for typical arrangements of wires on a 
cross arm. 

For an economic statement of the cost differentials 
between aerial transformer banks of the standard type 
connected (1) two-phase to two-phase, (2) three-phase 
to two-phase, and (8) three-phase to three-phase, refer 
to Table II, which shows the comparative invest- 
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COMPARATIVE COST OF AERIAL TRANSFORMER INSTALLATIONS 


Two-Phase—Two-Phase 
2300-115/230 Volt 


Distribution System 


/— — 
Wauniber of etransformors per Banke caries ssc ors ote. cao a alS eles siesta 
Vottace hating of Pransformerse.; coe aciecs > sitar. + Sis oe Slows se ole es 
150-Kov-a. transformer bank 
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Total annual cost per ky-a.t 
75-Ko-a. transformer bank 
"Potal#investmiontntioc cis setts wise tains cle ha ecstavs, "sl elwreré Atel che aroave’ 
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Total annual cost per kv-a.t 
15-Kov-a. transformer bank 
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Total annwal Cost Mer. Kwai cee state tee ieie we aie tere oie mersiisis ua arevowle 


Three-Phase—Two-Phase | Three-Phase—Three-Phase 
2300/3984-115/230 Volt 2300/3984-115/199 Volt 


2 2 3 
2300-115/230 2300/4600—115/230.* 2300-115/230 
$1,096.00 $1,249.00 $1,353.00 

7.31 8.33 9.02 
1.30 1.46 1.54 
678.00 783.00 774.00 
9.04 10.43 10.32 
1.55 1.81 ears 
286.00 339.00 337 .00 
19.07 22.60 22.47 
3.10 3.74 3.62 


*Transformers are the type rated at 2300/4600-115/230 volts with taps for 3984 and 3444 volts and will give full rated output when Scott-connected. 
{Total annual cost includes fixed charges on investment and cost of losses evaluated on increment cost basis. 


ments and annual cost (fixed charges and cost of 
losses) estimated on a comparative basis. 

It will be noted that the costs for the two-phase to 
two-phase banks are distinctly less than for the other 
connections, and that the three-phase to two-phase and 
the three-phase to three-phase costs run very close. 


The three-phase to two-phase transformer costs are 
based on a relatively costly unit with taps suitable for 
either a 4000-or 4600-volt primary, while the three- 
phase to three-phase transformer costs are based on the 
standard 2300-volt unit. The three-phase to two-phase 
scheme therefore would allow a primary voltage of 
4600 with consequent appreciable primary feeder sav- 
ings as compared with 4000 volts. 

It is therefore apparent that the two-phase, five-wire 
secondary system may be readily supplied economically 
from either two-phase or three-phase primaries. 


GROWTH ADAPTABILITY 


The two-phase, five-wire system, a combination of two 
single-phase, three-wire systems, possesses a high degree 
of flexibility and adaptability to all stages of load 
growth in a distribution system. Generally a district 
initially is supplied from single-phase, three-wire, 115- 
230-volt' mains. As the district develops demands for 
polyphase supply to motors, this stage of development 
is readily met, especially with a two-phase primary 
system, by extensions of existing adjacent three-wire, 
single-phase secondaries supplied from different pri- 
mary phases, thus affording a five-wire, two-phase service 
with the minimum additional investment in transformer 
installations and secondary mains, as diagrammatically 
shown in Fig. 5. If the primaries are three-phase, and 
as the amount of motor load grows, the transformers 
will be erected in banks of two, and part of the secon- 
dary mains will become five-wire. A _ three-wire 
service from mains originally three-wire, when the 
mains are increased to five-wire, requires no change in 
the motor or to the customer’s wiring. There is, .ac- 
cordingly, a large degree of growth flexibility with the 
two-phase system. ‘This is also a result of the inherent 


high capacity per wire, of particular value with con- 
tinuing growth of load where theoretical considerations 
often are completely outweighed by the necessity of 
reasonably providing for development. 


2 hase /rimaries 
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Fic. 5—Typican Mretruop or DEVELOPMENT FoR Two-PHASE, 
Five-WIrRE SysTEM 


With the three-phase, four-wire system, it is apparent 
that if a district is permitted to originally develop on a 
single-phase, three-wire basis, when it becomes necessary 
to provide for polyphase loads, the erection of two ad- 
ditional transformers will be necessary and also the 
conversion of the three-wire, single-phase secondary 
mains to four-wire, three-phase, unless such expedients 
as open “‘Y’’, three-wire mains are resorted to. 

In such a transition it will be necessary to care for 
every three-wire, 115/230-volt, single-phase customers’ - 
service in one of the following ways: 

1. Change to four-wire, three-phase. This requires 
running an additional wire, replacement of the single- 
phase meter by a polyphase meter, and changing the 
customers’ wiring for a four-wire service. 

2. Change to two-wire, 115-volt, single-phase. This 
may require larger service wires, and a change to a two- 
wire meter. In many situations, as with electric range 
loads, such a change would greatly increase the voltage 
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drop or necessitate a separate service to maintain the 
proper voltage on lamps. 

3. Change to three-wire, three-phase 115/199-volt 
open-“Y.”” This will require a second meter or re- 
placement of three-wire meters by polyphase metering. 
The service voltage will be unbalanced by the current 
in the neutral and the losses will be much higher in the 
service wires and the main neutral. 

If the mains are made four-wire initially, there is the 
initial extra investment in transformers and mains, and 
the unavoidable choice must be made between the 
above three types of services, each with its disadvan- 
tages as compared with the three-wire, 115/230-volt 
service. The importance of this situation is apparent 
from the relatively large proportion of services which 
are single-phase on most systems. 

Although many situations of the above nature are 
being solved by the use of separate mains for light and 
power, the substantial savings in combined mains, it 
is felt, compel consideration of any secondary system 
from the point of view of its suitability to the ultimate 
supply of practically all types of small and medium size 
loads from the same mains. To this end stricter re- 
quirements in motor starting currents and improved 
methods of distribution should be considered. 


RELATION OF PRIMARY DISTRIBUTION 


Although this paper deals particularly with secondary 
distribution, there are a number of related points in 
connection with primary distribution which should be 
borne in mind. 

Primary distribution is affected by a large number of 
variable elements, including: 

1. The size and spacing of substations. 

2. Length and capacity of feeders. 

3. Density and character of load, both primary 
and secondary. 

4, Type of system, radial, parallel, loop, network 
feed, aerial, underground, etc. 

5. Configuration of streets. 

6. Tree conditions. 

7. Governmental restrictions relating to voltage, 
aerial construction, tree trimming, etc. 

8. Contractual restrictions such as those relating 
to voltage, type of construction, etc., in joint pole use. 

Again, as in the case of secondary distribution, the 
influence of local conditions upon the type of system is 
very great, and it is often difficult to make comparisons 
between systems in different localities. 

It is desired in connection with primary distribution 
to call attention to one factor which in recent years has 
become of increasing importance in this involved prob- 
lem. Pressure of increasing-load demands by the 
public and the desire for greater economies by central 
station engineers in the use of copper and the saving of 
losses, have of late greatly accelerated the increase from 
2300 to 4000 volts, to 6600 and -11,000 volts, and to 
13,200 and 22,000 volts. 'The economies have resulted, 
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not particularly from any change in the number of 
phases as such, but from the higher voltage. This 
voltage increase has progressed in a way undreamed of 
twenty, or even ten, years ago. 

Improvements in insulators, protective devices, 
and all materials used in the distribution plant have 
resulted in gratifying operating experience and have 
practically wiped out the older, natural distrust of 
voltages higher than 4000 volts. The great economic 
savings of these high voltages therefore have been 
taken advantage of, inrecent years, by many companies. 

The situation in some instances is that of a super- 
position of a primary distribution system with voltages 
such as 11,000 and 13,200, over the present 2300-or 
4000-volt primaries. There is either direct transforma- 
tion to the secondary mains or utilization of the pres- 
ent 2300- or 4000-volt primaries, merely as an intermedi- 
ate short-haul facility. 

Thus, this tendency in primary distribution, where 
prompted by local conditions, appears to be toward 
what may be called super-distribution circuits, often at 
generated voltage, with consequent lower substation 
costs from the omission of transformers and with lower 
losses, instead of toward a moderate change of voltage 
such as from 2300 to 4000 volts. 

The strength of this idea lies in the probability that a 
moderate increase in the primary voltage, so often 
resulting in marked theoretical economies in primary 
copper investment and losses, may require expensive 
reconstruction of substations, distribution plant, and, 
often more serious, costly change-over of primary cus- 
tomers’ installations. The additionalinvestment, power ~ 
losses, operating and maintenance costs of the duplicate 
plant during a long transition period require very careful 
consideration in order to avoid a long postponement of 
actual net savings from the change. Further, during 
the change-over, the load conditions may. have so 
changed that the primary system has become inade- 
quate to meet the new conditions and another increase 
in voltage may be required. A glance backward over 
the history of power distribution should constitute a 
warning as to the possible futility of taking too early 
what may later stand out as only a make-shift economic 
step. These statements apply with equal force to 
secondary distribution. 


METERING, MOTORS, AND CUSTOMERS’ INSTALLATIONS 


In the two-phase, five-wire system, single-phase 
service loops generally are two-wire for loads up to a 
prescribed figure and three-wire for loads in excess. 
For the former range of loads, which are representative 
of small residential consumers, the metering is identical, 
whether from a two-phase or a three-phase system. 
For the latter range of loads, the metering costs involve 
a comparison between a three-wire, single-phase meter 
for the two-phase system and polyphase metering or 
raising the limit for two-wire services for the three- 
phase system. The cost of a three-wire, single-phase 
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meter installation is slightly lower than the cost of a 
two-wire, single-phase meter installation of the same 
kilovolt-ampere capacity and is very much less than 
any type of polyphase metering now in use. 

For metering polyphase power load, there is practi- 
cally no difference in the meter costs for two-phase or 
three-phase. 

A study of metering costs for a typical system in- 
cluding all types of metering indicates that the total 
investment in metering equipment would be about 
fifteen per cent greater for the three-phase system than 
for the two-phase system. 

The cost of two-phase motors of the usual voltage 
and speed ratings is identical with that of three-phase 
motors. In some cases there is a slight additional cost 
for the starting compensators for two-phase motors. 
The two-phase motor at rated full load has an efficiency 
slightly less than the three-phase motor, for the usual 
voltage and speed ratings, which is of the order of one 
per cent for sizes up to about 25 h. p. and less for larger 
sizes. This difference is due partly to the slightly less 
efficient coil design for two-phase and partly to the fact 
that most manufacturers design parts which are inter- 
changeable for two-phase and three-phase motors but 
which are not always quite the most efficient design for 
two-phase motors. The torque characteristics of the 
two-phase motor are as good as, if not better than, the 
three-phase motor, according to manufacturer’s rating 
sheets. The effect of reduced voltage under some of the 
three-phase, four-wire schemes is to materially decrease 
the pull-out torque of the standard 220-volt motor. 

The two-phase, five-wire system uses standard motors 
of standard 220-volt rating while the three-phase, 
four-wire system with 115/199-volt mains requires the 
development of a new line of 199-volt motors or the 
material de-rating of the present line of motors, (unless 
auto-transformers are resorted to), thus resulting in a 
distinctly unfavorable situation. 

It has been claimed that the two-phase, five-wire 
system, which for motor service requires four wires as 
against three wires for the three-phase system, requires 
more expensive wiring. Comparative estimates pre- 
pared for motor sizes from 10 to 50 h. p., both three- 
phase, three-wire, and two-phase, four-wire, show dif- 
ferences of the order of one per cent, in some cases in 
favor of the two-phase and in some cases in favor of the 
three-phase. 

These figures are based on 220-volt motors for both 
two-phase and three-phase. If the cost of the neces- 
sary auto-transformers were included with the three- 
phase motor or allowance made for the additional cost 
of a 199-volt motor with its wiring, to be supplied from 
115/199-volt mains, the comparison would be favorable 
to the two-phase system. 

A typical example will serve to illustrate the small 
magnitude of the difference of the losses in a two-phase 
motor with its wiring, and a three-phase motor with its 
wiring. Assuming a 10-h. p. motor first three-phase, 
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199-volt, and second, two-phase 220-volt, the differ- 
ence in the value of losses for a period of operation of 
2000 hours per year at an average of 75 per cent full 
load, at two cents per kw-hr., amounts to less than 
$2.75 per year in favor of the three-phase motor. This 
is less than one per cent of the value of the power input 
to the motor and is of such a small order of magnitude as 
compared with the usual variables of installation costs, 
over-sized motors, operating hours, length of wiring, 
etc., that it should not be considered important in 
the choice between a three-phase and a two-phase 
system. 

Thus, if the three-phase motor is supplied through 
an auto-transformer from 115/199-volt mains or the 
motor is a 199-volt, the carrying charges on the extra 
investment in motor and wiring, or in auto-trans- 
formers, and ‘the additional losses would throw the 
saving in favor of two-phase. 

With a three-phase motor service voltage of 199 
volts, the voltage drop in the wiring in many cases will 
result in a materially lower voltage at the motor 
terminals. Using the same per cent in this case as is 
nominally allowed between a 230-volt service and a 
220-volt motor, the rated motor voltage should be 191 
volts. 

For lighting loads there are difficulties with the three- 
phase, four-wire system which do not exist with the two- 
phase, five-wire system. The main feeds to panel 
boards must be either four-wire, 115/199-volt, with a 
more expensive four-wire panel board, or they must be 
three-wire, open ‘‘Y’’, with the losses in the wiring ap- 
proximately 50 per cent higher than with three-wire, 
single-phase feeds. There will also be a voltage un- 
balance due to the assymetrical phase relations of the 
current in the wires, its magnitude depending upon the 
power factor, and an increased voltage drop. Single- 
phase, three-wire feeds from a two-phase, five-wire 
system do not have these disadvantages. 


GENERAL ECONOMIC FEATURES OF TWO-PHASE, FIVE- 
WIRE DISTRIBUTION 


It has been seen from the foregoing discussion that the 
character of service from the two-phase, five-wire sec- 
ondary system, so far as it meets the various distribu- 
tion, engineering, and customers’ requirements, has no 
serious disadvantages as compared with the three-phase 
system, and in many respects has outstanding 
advantages. 

Therefore, under such conditions, it will be of interest — 
to compare the overall economies of the two systems, 
in order to determine the probable magnitude of the 
cost differential and the importance of this factor as 
compared with costs of change-over and other factors 
not readily measured in dollars. 

For this measurement of their relative inherent eco- 
nomic standing, an analysis of several combinations of 
underground primary and secondary distribution sys- 
tems with two- and three-phase secondaries, was made 
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TABLE III 
TOTAL ANNUAL COST OF NETWORK SYSTEMS 
Excluding Operation and Maintenance 
No. Primary Secondary Substation Feeders Transformers Mains Total 
Range of Primary Voltages: 2300—4600 Volts 

2-ph. 3-wire 4-ph. 5-wire : 

1 2300/3252-volt 115/230-volt $216,050 $92,900 $118,200 $108,760 $535,910 
3-ph. 4-wire 3-ph. 4-wire 

2 2300/3984-volt 133 /230-volt 211,700 67,120 122,800 97,680 499,300 
3-ph. 4-wire 3-ph. 4-wire 

3 2300/3984-volt 115/199-volt 211,700 67,120 122,800 101,820 503,440 
3-ph. 3-wire 4-ph. 5-wire 

4 300/3984-volt 115/230-volt 211,700 67,120 125,300 108,760 512,880 
4-ph. 5-wire 4-ph. 5-wire 

5 2300/4600-volt 115/230-volt 218,900 93,580 119,600 108,760 540,840 

13,200-Volt Primary 

3-ph. 3-wire 3-ph. 4-wire 

1 13,200-volt 133/230-volt 122,900 44,100 147,900 97,680 412,580 
3-ph. 3-wire 3-ph. 4-wire 

2 13,200-volt 115/199-volt 122,900 44,100 147,900 101,820 416,720 
3-ph. 3-wire 4-ph. 5-wire 

3 13,200-volt 115/230-volt 122,900 44,100 153,800 108,760 429,560 


on a comparative basis, as applied to a definite load and 
area. Each type of system was given the full benefit of 
its most economical design. Tables III and IV sum- 
marize the results of this investigation. Table III 
shows the total annual cost of an underground network 
plant, including in the total annual cost the fixed 
charges on the investment and the value of the energy 
losses in the various parts. Table IV shows the in- 
vestment in the various parts of the plant for the 
systems considered. 

The cost of the mains for the different types of 
secondary systems does not vary widely, being of the 
order of magnitude of 10 per cent for the total annual 


main cost and for the investment in mains. For the 
transformers and mains together, the cost variation is 
even smaller in either the 2300-to 4600-volt primary 
range or with 18,200-volt primary. It will also be 
noted that the investment in mains is only about 20 
per cent of the total plant investment in substations, 
feeders, transformers, and secondary mains. The 
tables also indicate that the part of the problem de- 
manding further engineering attention is that pertaining. 
to the primary, where higher voltages than 4600 show 
marked possible economies. 

These analyses, although on a comparable ae 
cannot evaluate in dollars many of the advantages of the 


TABLE IV 
INVESTMENT FOR NETWORK SYSTEMS 
No. Primary Secondary | Substation | Feeders Transformers Mains Total 
Range of Primary Voltages: 2300-4600 Volts 

2-ph. 3-wire 4-ph. 5-wire 

1 2300 /3252-volt 115/230-volt $1,695,000 $792,000 $773,000 $938,300 $4,198,300 
3-ph. 4-wire 3-ph. 4-wire 

2 2300 /3984-volt 133 /230-volt 1,665,900 584,000 790,000 851,700 3,891,600 
3-ph. 4-wire 3-ph. 4-wire 

3 2300 /3984-volt 115/199-volt 1,665,900 584,000 790,000 880,700 3,920,600 
3-ph. 3-wire 4-ph. 5-wire 

4 2300/3984-volt 115/230-volt 1,665,900 584,000 830,000 938,300 4,018,200 
4-ph. 5-wire 4-ph. 5-wire 

5 2300/4600-volt 115/230-volt 1,728,600 816,000 783,000 938,300 4,265,900 

13,200-Volt Primary 

3-ph. 3-wire 3-ph. 4-wire 1,023,000 402,000 954,200 851,700 3,230,900 

1 13,200-volt 133 /230-volt 
3-ph. 3-wire 3-ph. 4-wire 

2 13,200-volt 115/199-volt 1,023,000 402,000 954,200 880,700 3,259,900 
3-ph. 3-wire 4-ph. 5-wire ; 

3 13,200-volt 115/230-volt 1,023,000 402,000 1,019,000 938,300 3,382,300 
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two-phase, five-wire secondary system, which it is felt 
fairly match or outweigh the advantages of the three- 
phase, four-wire system for a densely loaded under- 
ground district. 

Other figures which have been prepared lead to the 
same conclusions for the aerial system. 

In the change-over of a d-c. network. system 
to alternating current, it may be possible in the choice of 
the best a-c. system to consider the particular district as 
a separate problem, because the d-c. equipment will 
require replacement in any event. However, existing 
a-c. areas, both aerial and underground, which eventu- 
ally will form part of the network area, and the need for 
standardization on one universal type of system will 
have a necessarily large, if not a predominating, 
influence on the decision. 


CONCLUSION 


With an existing a-c. system of any type, now ren- 
dering adequate service satisfactory to the consumers, 
and economical and adaptable to growth, the cost of 
change-over to any other system becomes a very im- 
portant factor. In addition to those costs of a fairly 
determinable nature, there are others less susceptible 
of accurate prediction, such as the extra cost of operat- 
ing two types of systems during the change-over and 
the effect of a longer or shorter change-over period. 

Accordingly, with a relatively small inherent cost 
differential between the existing system and one having 
certain more or less proved advantages and some 
known disadvantages, the central station engineer must 
have extremely strong arguments leading out of his 
local situation in order to justfy a change from the 
existing system. 

In conclusion, I desire to express my appreciation of 
the assistance and suggestions rendered by a number 
of my associates. 


Discussion 


A. H. Kehoe: If one first reads the conclusions of this 
paper (which are carefully drawn), he is apt to take a more gener- 
ous view of the statements which appear earlier in the text. 
For instance, the emphasis on cost of making system changes is 
well placed. 

Concerning the subject of a combined light and powersystem, 
we believe it can be demonstrated that starting de novo, the ad- 
vantages and disadvantages of two- and three-phase will be so 
nearly balanced that any difference in cost is well within the ac- 
curacy of the original assumptions. In practical applications, 
however, there are three factors which should always receive 
consideration : 

First, the sources of power and transmission, if these exist, 
are three-phase, and the country in general is, and will doubtless 
remain, on a three-phase basis for general polyphase utilization. 
This necessitates the use of special polyphase devices ye two- 
phase, five-wire distribution is adopted. 

Second, the three-phase, four-wire system requires an odd 
voltage according to present standards, for either one or both of 
the single-phase or polyphase loads. 

In addition to the above the adaptation of existing equipment 
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for combined light and power distribution should be accomplished 
with minimum cost. 

In the two locations where two-phase, five-wire light and power 
distribution systems are contemplated at the present time, there 
is little doubt that due to the existence of a two-phase system it is 
much cheaper to retain the two-phase than it is to change over 
to a three-phase, four-wire supply. These two locations are the 
exceptions however, and the same elements of cost have the 
opposite effect on the typical systems of the country which, of 
course, are three-phase. The systems adopting two-phase, five- 
wire will perpetuate non-standard polyphase equipment while 
the three-phase, four-wire systems will force certain rating com- 
promises but should be able to utilize standard equipment, both 
existing and new. Just what this later effect will be, depends 
upon what voltages are selected. The author has everywhere in 
his paper ignored 120/208-volt, three-phase, four-wire which 
seems to me to affect seriously some of his deductions. This 
voltage appears to be the only compromise which can be adopted 
that will allow all existing standard equipment to be utilized 
successfully. 

I have noted such a large number of exceptions in the detailed 
text of the paper that it would be impossible to comment upon 
all of them. I shall therefore deal with but four or five matters 
which seem to be of most importance. 


Carrying the matter of ‘‘power per wire”’ to its absurd conelu- 
sion, the system proposed by the author is but 80 per cent effi- 
cient. However, we all must appreciate the tremendous ad- 
vantage of the simple three-wire, d-c. system. It is the obvious 
necessity of generating and transmitting polyphase as well as 
having some polyphase utilization, that makes it necessary to 
even consider the complications of going to four-wire or five-wire 
systems to obtain balanced loading on a single system. It may 
be well, however, to bring out the fact that neutral wires have to 
be sufficient So carry the unbalance which depends upon the 
utilization equipment and not the type of system. 


Under “inherent advantages’’ onthe third page, the question 
of accommodating phases in separate ducts introduces the ele- 
ment of polyphase motors acting as phase converters while run- 
ning single-phase. This condition at times of secondary short 
circuits is one of the problems with which there has not been 
sufficient operating experience to obtain a positive solution. It 
seems certain, however, that separate polyphase secondary cables 
in separate ducts will not improve the hazard which already 
exists in the matter. 


On the fourth page, mention is made of polyphase transformer 
units. I wish to emphasize this, as in the writer’s opinion we 
have scarcely begun the economic use of polyphase units that 
will come automatically as soon as the light and power systems 
are established in a reasonable number of places. 


With reference to the Scott connection as a hybrid scheme, 
some of us who do not agree with the author believe we are 
basing our conclusion upon common-sense engineering. Re- 
garding the unbalance due to Scott transformation, it should 
be realized that this occurs at the source of the supply while the 
voltage unbalance, set up in the ease, of secondaries, occurs at the 
end points of the line. It is doubtful whether any quantity of 
secondary light and power mains would be installed in the country ~ 
with spacing as indicated on the fourth page. Our telephone 
friends might be interested. 


In discussing primary voltages higher than 4000 volts, the 
author speaks of the older natural distrust as if the distribution 
conditions of the last ten years were not justified. We believe 
that it has just been demonstrated by a different design of sys- 
tem that it is possible to distribute at the generator voltage and 
any distrust which has existed in the past was a very proper one 
for the systems then in use. 


R. A. Paine: In the first part of the paper a discussion is 
given of the fundamental requirements which any distribution 


746 


system must meet. The field has been covered in a very com- 
plete manner but there appear to be several points on which there 
is disagreement as to just how nearly certain types of distribution 
systems meet all of the requirements. -A comparison has been 
made in the paper principally between two types of secondary 
distribution systems, 7. e., (1) two-phase, five-wire system, and 
(2) thre2-phase, four-wire system. 


Throughout the paper the voltage of the three-phase, four-wire 
system has been stressed as being 115/199 volts. This ap- 
parently has been done for a purpose. Since the two-phase, 
five-wire system considered was 115/230 volts, the voltage to 
ground for the three-phase system for sake of convenience was 
also selected as 115 volts: We believe the comparison should 
be made either on the basis of a two-phase system voltage of 
120/240 with a corresponding three-phase voltage of 120/208, or 
on the basis of a two-phase system voltage of 115/230 and a 
three-phase system voltage of 120/208. 


The comparison should be made in accordance with one of the 
above stated methods because in all cases where a distribution 
voltage of 115/230 exists, it is entirely possible by proper notifica- 
tion to customers, after authority has been received from the 
public service commission, to raise the voltage to 120/240. Ifa 
particular company does not desire to raise its voltage to the 
above standard, the benefits to be derived from so doing, such 
as decreased losses on account of the higher voltage, ete., should 
not be withheld in making a comparative economie study of the 
two systems. 


Accepting this as fact,—namely, that with a three-phase, 
fo r-wire system the distribution voltage would be 120/208 volts 
if operation similar to present practise is followed out,—it should 
be possible to maintain practically this voltage at the customer’s 
service. Hence, if the motor wiring is at all suitable, voltage at 
the motor should be well above 200 volts, three-phase. When 
standard 220-volt motors are used, and assuming the motor 
terminal voltage to be 205 volts, the efficiency at full load is not 
materially less than when the motor is operated at 220. volts. 
The efficiencies at fractional loads will be somewhat higher when 
the motor is operated below 220 volts. The pull-out torque will 
be reduced to roughly 86.6 per cent of the pull-out torque at 220 
volts. Assuming the pull-out torque value to be 250 per cent of 
normal full-load torque, and that the motor is operated at rated 
voltage, the new figure will be approximately 217 per cent which 
should prove ample. 


There should be no trouble in operating three-phase motors at 
120/208 volts, since the heating of the motors should not be 
materially increased and because the majority of motors operate 
at somewhat less than theirrating. Further advantage may also 
be taken due to the fact that the motors are rated on a 40-deg., 
ambient temperature basis and the usual ambient temperatures 
encountered are somewhat lower than this figure. 


A study of the performance curves of present-day motors indi- 
cates that motors rated at 220 volts are apparently designed for a 
voltage between 200 and 210. Unless the design of motors is 
changed, cases where 220-volt motors will not operate entirely 
satisfactorily at 205 volts will be very rare. 


The “Outstanding Features” of a two-phase, five-wire dis- 
tribution system which have been outlined in the paper are, with 
two exceptions, equally applicable to a three-phase, four-wire 
system. Of these exceptions, one (namely, use of 208 volts 
three-phase as the motor voltage for the three-phase system as 
against 230 volts for motor voltage of the two-phase system) is 
not a serious disadvantage, if it can be called a disadvantage at 
all. This is on account of the reasons given above. The 
second exception (namely, the use of three transformers per 
bank for the three-phase system instead of two transformers per 
bank for the two-phase system) is, of course, somewhat of a 
handicap in the case of the three-phase system. Usually, 
however, there is considerable flexibility possible in the manner 
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in which loads are cared for in the three-phase system so that 
this disadvantage can probably be compensated for. 

Voltage unbalances which take place or are inherent in a three- 
phase, four-wire system are in all cases extremely small and 
practically no difficulty is encountered from an operating stand- 
point in satisfactorily compensating for them. 


This suggestion is made in the paper that a common set of 
secondary mains be used for supplying both power and lighting 
loads. This practise is quite commonly followed by several 
companies at the present time. From the economical point of 
view, it is very desirable and works out very nicely in practise 
except in cases where extremely severe conditions are imposed 
upon the circuits by some types of power load which necessitate 
separate sets of mains for the power and lighting loads. Stress 
has been placed upon the saving in the capacity of mains due to 
diversity between lighting loads and power loads. Any saving 
due to diversity of load in this part of the system will be ex- 
ceedingly small as a rule. While the value of diversity is 
exceedingly great it is felt that the actual diversity existing in 
the part of the system being discussed in this paper is generally 
greatly over-estimated. The character of the service which must 
be rendered has a far greater effect upon the design of the 
secondary mains than does diversity. Any advantage which 
might exist in certain special cases may be realized equally well 
for either the two-phase or three-phase distribution system. 


An advantage is claimed for the two-phase, five-wire system, 
particularly in underground districts, in that multiple-conductor 
cable can be more readily utilized than with the three-phase 
system. While this might be an advantage in some eases it 
would be obtained at the expense of lower quality of service due 
to the fact that any trouble in the cable would affect a larger 
number of customers than if single conductor cable were used. 
The three-phase, four-wire system has a very distinct advantage 
over the two-phase, five-wire system in underground districts in 
that for the same power to be transmitted, four single-conductor 
cables of somewhat-larger size can be installed instead of five 
single-conductor cables with considerable economy in investment 
and duet space occupied. 


In the case where secondary circuits are extended into new 
territory, a three-wire, open-Y, 120/208-volt installation may 
initially be made. This arrangement is the equivalent of 
installing a three-wire, 115/230-volt, secondary line in the two- 
phase system. If later, polyphase service is required, it is 
necessary only to run an additional wire or cable, while with the 
two-phase system to render polyphase service two additional 
wires must be installed. 


Referring to Table No. 4, it is seen that the total annual cost of 
the three-phase, four-wire primary, three-phase, four-wire 
secondary system is approximately 7 per cent less than the two- 
phase systems shown as Nos. 1 and 2 in the same table. This 
amounts to upwards of $30,000 annually. Capitalizing this 
saving at 121% per cent the above figures correspond to an in- 
vestment saving of about a quarter of a million dollars. 


With regard to all of the points at issue, it may be confidently 
stated that the three-phase, four-wire distribution system with 
voltages 120/208 is quite able to hold its own with the two- 
phase, five-wire system with voltages 115/230 and has the 
decided advantage of using recognized standard apparatus, 
including three-phase motors. It is very likely that future 
developments and refinements will benefit the three-phase 
system to a greater extent than they would benefit the two- 
phase system since developments are usually made for the 
benefit of the majority. 

In discussing a common system of a-c. secondary mains for 
both lights and motors, the author suggests stricter requirements 
in motor-starting currents. If lower starting currents than now 
exist are a requisite for any particular type of distribution system, 
all factors entering into the problem should be carefully evalu- 
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ated as, in general, the larger the permissible starting current, the 
lower the cost of the motors. In Brooklyn the use of a com- 
bined lighting and power secondary is practically universal and 
has been for a great many years. We have made our motor- 
starting current requirements very broad and have found that we 
have encouraged the use of electricity as a power source, by 
lowering the customer’s initial investment. Any motor in- 
stallation conforming with the 1923 N. E. L. A. Motor Rules is 
accepted. In addition, we shall accept motor installations 
having starting currents in excess of these rules, provided no 
objectional voltage fluctuations are experienced by other 
customers connected to the same secondary, as the customer 
having the large starting current. We believe that all forward 
looking engineers should plan and design their distribution 
systems so that any motor installation meeting the requirements 
of the 1923 N. E. L. A. Rules is an acceptable installation. 
When distribution systems are brought up to this standard we 
may be able to lower still further the initial costs of motor 
installations by broadening the present motor rules. 


H. R. Woodrow: Mr. Chase’s paper attacks the problem 
from the standpoint of the existing system and for a new layout he 
is in agreement that the two-phase system is more costly than the 
three-phase. 

In attacking a remodeling problem for a rapidly growing 
system, I should like first to see how we should develop the 
system without limitatins of existing equipment and then 
determine how the new layout can be worked into the existing 
plant or the existing plant worked into the new system, for in a 
10- to 12-year period the existing equipment is only one-third of 
new additions required. 

The statement is made in the paper, “If there is any virtue in 
the number of phases surely it should compare favorably with 
the three-phase.” It would seem to me that this should repre- 
sent an indirect function in place of a direct one, as the best 
system, if it gives the same economy, would be a single-wire 
system. 

Referring to the second page, the number of wires per customer 
would, in many cases, more nearly represent the cost than the 
power carried per wire, as in the majority of cases the limitation 
is determined by the minimum size of wire which is practical 
from the mechanical strength standpoint. The four-phase, 
five-wire system has 3314 per cent more current-carrying wires 
per service than the three-phase, four-wire system. 


Referring to the tabulation under “‘Feeders’’ and the compari- 
son of the three-phase, 2300/3900-volt system with four- 
phase, the four-phase distribution is 40 per cent more expensive. 
than the three-phase. In the ““Mains’” the annual cost of the 
four-phase, five-wire system is represented as 7 per cent greater 
than the three-phase, four-wire system and the transformers 
under the 2300-volt heading show an increase in cost of the four- 
phase, five-wire system as 4 per cent. In other words, the 
tabulation shows an advantage of from 5 to 10 per cent in annual 
cost for the three-phase, four-wire system in comparison to the 
four-phase, five-wire, which is in agreement with the general 
studies we have made. 

The only conclusion to which I can come from the study of the 
new system is that the central station is required to spend from 
4 to 10 per cent more for the four-phase, five-wire system than 
the three-phase, four-wire without increased economy, and that 
the customer is required to spend more money to take the service 
and have increased losses in his system. This condition would 
naturally produce a rapidly increasing demand for three-phase 
equipment with a reducing demand for two-phase, and therefore 
the complications of the two-phase system would become more 
and more involved each year. . 

Although these factors favoring the three-phase, four-wire 
system may not in some eases justify the expense of changing 
over an existing plant, I do think these factors should be very 
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carefully weighed before definitely perpetuating an inferior 
system. 

P. H. Adams: I think Mr. Woodrow overlooked the fact 
that Mr. Chase’s five-wire circuit is made up of two two-phase, 
three-wire circuits, using a common neutral. In his comparison 
of costs, he forgot the fact that each customer is connected as a 
two-phase, three-wire customer. 

I agree with Mr. Woodrow in his criticism of the five-wire, 
two-phase system as a continuation of something that is inherently 
bad, and that we should tackle the problem of changing from 
two-phase, 2400 volts to a higher voltage by considering the 
existing system as something that will be comparatively small 
as contrasted with the system five or ten years hence. 


We had the same problem in New Jersey, and while our system 
is a four-wire, two-phase instead of a three-wire, two-phase, 
as the one with which Mr. Chase has dealt, when we made our 
change we chose the 4150-volt, three-phase, four-wire system. 
I think we were right in making this decision, as our system 
is growing rapidly and in five years we expect to have a system at 
least four or five times as large as that which existed when we 
started the change. 

L. T. Robinson: I think there is another side to this ques- 
tion of distribution systems that should not be overlooked; that 
is, that systems and convenience in the arrangement of systems 
is not everything; you should do as much as you ean to make it 
possible to employ standard apparatus and have conditions under 
which the apparatus must be used as uniform as possible. 


The question of lamp voltages, transformer ratios, the torque 
and heating of motors, their starting current and efficiency are 
all involved. While the idea that standard apparatus may be 
used on both the four-wire, three-phase, and five-wire, quarter- 
phase systems runs through the presentation and discussion, you 
must recognize the fact that to the difficulties always present due 
to the regulation of systems for voltage and frequency, there 
will be added the conditions of having to meet variable base 
voltages. 


Possibly the apparatus ean be successfully made to cover the 
base-voltage range required as well as the variations found in 
practise, but it will be more difficult for the designers, and I 
feel, to some extent,—I can’t say off-hand to what extent—it 
is going to make the apparatus more bulky and more expensive. 

H. Richter: Throughout the paper there are references indi- 
cating that the author intended his arguments to apply partic- 
ularly to areas that now have two-phase distribution, where a 
combined light and power secondary system is contemplated and 
it is necessary to solve the involved problem of choosing the type 
of system best suited to those particular areas. I wish to 
emphasize the importance of confining the meaning of the paper 
to such two-phase systems and of not considering it to apply to 
systems that are now three-phase or to entirely new distribution 
layouts which may be started in the future. 


In my estimation the paper refers almost exclusively to under- 
ground and overhead secondary network systems and not to 
purely radial systems. The idea of extensively using the com- 
bined light and power secondary system has been entertained 
seriously only since the advent of what might be called the latest 
type of underground a-c. low-voltage network; that is, where a 
number of primary feeders supply in common an interconnected 
secondary network. Isolated cases where the combined scheme 
has been tried out on typical radial systems are known, but the 
majority of companies have kept away from it because, unless an 
excessive expenditure is made, there is likely to be winking of 
lights when motors are started and burnout of polyphase motors 
due to insufficient voltage. It should therefore be recognized 
that the paper applies only to network systems. The inclusion 
of overhead secondary systems in the analysis is sound,I believe, 
for the surprisingly rapid spread of the network idea indicates 
that in the future, ten to twenty years from now, practically all 
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of the underground systems of the cities will not only be networked, 
but a good portion of the overhead systems will also have net- 
works, possibly in a simpler form and using simpler apparatus. 


The comparison has been confirmed to the 115/199-volt three- 


phase system. I should like to forestall consideration of the 
110/190-volt and 125/216-volt, three-phase systems in the dis- 
cussion. Satisfactory operation of polyphase apparatus on 190 
volts would entail so great an expenditure, both in taking care 
of existing installations and development of new apparatus, that 
110/190 volts is practically out of the running. 125/216 volts 
is also more or less out of the picture, partly because 125 volts is 
not even a recognized exception as a lamp standard, and partly 
due to the excessive burden that would be thrown on the industry 
as a whole by the necessity of developing new lines for the many 
types of apparatus now standardized at 115 volts or considered 
satisfactory for operation on 120 volts. The comparison of 
two-phase with three-phase should therefore be confined to 
115/199, or possibly 120/208 volts for the three-phase systems. 


Wherever low-voltage networks are being installed or planned, 
the companies are figuring on employing three-phase for the 
primaries, either at potentials in the class below 5000 volts or at 
some such higher voltage as 13,200. Even the two companies 
that have indicated a leaning towards two-phase secondary 
distribution have expressed the intention of employing 13,200- 
volt, three-phase feeders for future growth. Consequently, we 
must keep in mind, as of five or ten years from now, only the 
comparison of the Seott connection with its attendant disad- 
vantages, for transformer banks serving two-phase as against the 
straight step-down for three-phase distribution. 


While it is true that in the past there has been a general 
tendency to avoid such high primary voltages as 13,200 for mis- 
cellaneous distribution in cities, it is also a fact that this is no 
longer the case. The change in sentiment has been brought 
about almost entirely by the ability to employ a simple system 
of distribution in which all primary protective and sectionalizing 
devices are eliminated, and the only protective apparatus 
on the distribution system is a low-voltage deviceof proved 
performance. 


These remarks have been made in an endeavor to clarify the 
discussion and in that way, if possible, simplify the comparison 
of the various network propositions. As Mr. Robinson has said, 
this is quite necessary for it is extremely important from the 
standpoint of the manufacturers, customers and, indirectly, the 
operating companies, that the latter get together without further 
delay and standardize as far as possible on such a combined light 
and power scheme as can be used to the greatest advantage on the 
majority of systems introducing the least possible extra expense 
in the manufacture and stocking of different types of apparatus. 


Even though the including of items for operation and mainte- 
nance gaged over a period of ten years would probably have 
inereased the difference in favor of the three-phase secondary 
system, Tables III and IV do not show a large economic ad- 
vantage for three-phase. Further, it is apparent that despite 
a weighing of all evidence of engineering and operating nature 
a balance shows in favor of three-phase, and also, this balance is 
not large. It is therefore admissible that if the standpoint. of 
the operating company only is considered and the analysis is 
confined to the usual period of ten years to come, the net advan- 
tage of three-phase over two-phase may not be great enough to 
outweigh the obvious benefits of having a uniform system of 
secondary distribution throughout a city. In connection with 
that which follows it should be borne in mind that the greater 
part of these benefits accrue from the attitude of the public in 
general. 


Likewise, where a large number of two-phase motors now exist 
in an area that it is proposed to network, it is evident that the 
expense of changing them over to three-phase, or in all cases 
providing auto-transformers for a three-phase to two-phase 
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transformation, could probably not be counterbalanced even in 
ten years by the small economic advantage of the three-phase. 


However, it is conceivable that in this particular problem, an 
unusually broad point of view should be applied. The paper 
touches on the conditions that are tending to make two-phase 
obsolete. Exact data in this regard are difficult to obtain. 
There are but two large distribution systems and a few smaller 
ones still two-phase. The ratio of present investment in two- 
phase systems to that in all systems in the country may be gaged 
approximately by the fact that in 1928 only 6 per cent of all the 
polyphase motors sold by one prominent manufacturer were 
two-phase. It does not require a stretch of the imagination to 
foresee that within the next ten or twenty years this percentage 
is likely to decrease to even half its present value as the tendency 
for smaller companies operating two-phase to change to three- 
phase continues and as new systems in rapidly growing parts of 
the country start up, using the present standard of three-phase. 
With that reduced percentage of two-phase business it is natural 
to expect that prices and deliveries of two-phase apparatus will 
be adversely affected. Thereupon, customers in two-phase areas 
will set up a demand for three-phase service and this will have to 
be complied with by the operating companies. At the current 
rate of load increase, in ten years there will be about four times as 
many motors on the two-phase systems as at present and in 
twenty years about sixteen times as many. The expense of 
change-over to three-phase at that tinYe will be correspondingly 
greater than at present. Even though measures may be taken to 
postpone the change-over, these will of necessity have only a 
temporary effect. The greater the delay the worse will be the 
situation when the change to three-phase finally takes place. 


Coming now to systems where three-phase already exists, 
enough has been said to prove that it is almost out of the question 
to expect them to go to two-phase, five-wire secondaries. To 
review a few of the reasons, there is the great expense of changing 
three-phase motors to two-phase, replacing three-phase trans- 
former banks by Scott-connected banks, and pulling in a fifth 
secondary service as well as sometimes in many places riser wire. | 
Where ducts and service pipes are too small for the fifth wire, 
reconstruction would be necessary. 


Finally, there are the companies that will install networks in 
what might be termed virgin territory. The paper shows cer- 
tain definite though small advantages for three-phase, four-wire 
over two-phase, five-wire, such as in annual ¢harges and first cost. 
In the majority of cities the cost of operation and maintenance of 
the two-phase system would be greater, due to the added mainte- 
nance of the fifth wire and five-wire protective equipment. 
There are also the extra losses due to the Seott transformation 
to two-phase. Three-phase motors and utilization devices are 
standard, while two-phase apparatus is becoming obsolete. In 
some makes of motors there is quite an appreciable difference in 
performance in favor of three-phase, assuming operation at rated 
voltage. Even though the advantages for each of these factors 
may not individually be great, when added together they point 
unmistakably to the wisdom of making networks in all new dis- 


tribution layouts three-phase. 


P. H. Chase: In some of the discussions on my paper there 
has been a tendeney to confuse what is common practise with. 
that which is good, and what is not common practise with that 
which is bad. Though two-phase, secondary distribution is not 
so common as three-phase, proper use of the fundamental dis- 
tribution requirements as yard sticks certainly cannot lead to the 
opinion expressed by two of the erities that the two-phase system 
is bad or inferior. 


It is interesting to note that advocates of “‘Three-Phase”’ 
are by no means unanimous in their choice of which is best of the 
various types of three-phase systems. One type requires what 
one supporter diplomatically calls “‘certain rating compromises’, 
but these may result in widespread changes to equipment, to 
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standard lamp voltages, or to motor ratings. Another type does 
not afford load balance or balanced voltages to ground. Expen- 
sive expedients, such as auto-transformers and the like, are offered 
to overcome these drawbacks in order to adhere to three-phase 
and continue to render standard voltages to customers. 


Most of the operating companies will continue to have the 
greatest part of their secondary load neither two-phase nor three- 
phase, but two-wire and three-wire, single-phase. In addition, 
the number of customers supplied with single-phase as compared 
with those supplied with polyphase service will be greater than 
the proportion of the actual single-phase and polyphase loads. 


Any system which penalizes single-phase customers is laboring _ 


under a handicap. 


The flexibility and adaptability of the two-phase, five-wire 
system in handl ng a combination of two-wire single-phase, 
three-wire single-phase, and two-phase loads, with superior 
regulation and load and voltage balance, has not been success- 
fully challenged. These valuable advantages have been demon- 
strated by long experience but are difficult of expression in dollars. 


The small percentage of two-phase motors does not tell the 
story. From early days there has been a general tendency to 
operate motors on separate secondaries (and often separate 
primaries) from lighting. Consequently, the motor voltage and 
number of phases could be determined by considerations relating 
to and affecting the motor alone. Lighting was two-wire and 
three-wire, single-phase, because of the utilization devices, 


simpler metering, and lower service costs, which conditions still ' 


obtain. The trend of generation and of transmission toward 
three-phase naturally directed motor development and primary 
and secondary polyphase distribution along three-phase lines. 
Accordingly, three-phase motors predominate but lighting has 
remained single-phase. 


Of recent years, the advent of a-c. secondary networks and the 
advantages of combined light and power secondaries have 
brought to the front a requirement which was originally unim- 
portant,—that is, the flexible supply from the same secondary 
polyphase mains of all types of load, at established standard 
voltages. The three-phase system cannot meet this without 
expensive changes or doubtful compromises and such expedients 
as three-wire, open-Y, or four-wire services: and polyphase 
metering for residence lighting. The two-phase, five-wire system 
now meets this need without change for both radial and network 
systems. 


Standard two-phase motors are neither obsolete nor penalized. 


in price, as reference to motor price-books will show. The 
adoption of a new line of 199-volt, three-phase motors would be 
a greater deviation from the principle of standardization than the 
retention of the already established line of two-phase motors. 


Three-phase primary distribution can readily be utilized 
for supplying two-phase secondaries by the Scott connection of 
transformers which has been proved by years of operation and 
does not involve a deviation from standard voltages. The Scott 
connection deserves no more attention or criticism than many 
of the common modifications to ‘‘standard’’ transformers which 
are asked for and furnished almost as a matter of course. 


We must keep this matter of standardization in mind. 
Standardization refers particularly to voltage, frequency, capac- 
ity, speeds, and types of equipment. On the two-phase, second- 
ary, five-wire system, apparatus, equipment and devices are used 
that are standard as to voltage, frequency, capacity, and kind. 


From the standpoint of the operating man, the matter reduces 
down to whether he is giving adequate service at reasonable cost, 
by adhering to his existing secondary system, and whether— 
although there may be a slight theoretical differential in cost, if 
he were starting new—he is justified in paying the high cost 
of change-over from the existing system. It is universally ad- 
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mitted that the cost of change-over is extremely high because of 
the cost of change-over of customers’ installations. If the 
theoretical saving, over a long period of years—say ten—does 
not pay for the cost of change-over, how can a change be justified? 


I referred particularly to 115 volts as the lamp voltage. 
The same relative situation applies to both two-phase and three- 
phase taking 120 volts instead of 115 volts. Even with 120/208 
volts, three-phase, I believe most operating engineers would feel 
apprehensive about giving 208 volts to motor customers where 
they are used to receiving 225 to 235 volts for 220-volt motors. 


Regarding ‘power per wire,’ this comparison indicates the 
efficiency in using the capacity of the installed wires including 
the neutral, which as a matter of practise is comparable in size 
to the other c&nductors. One eritie states that the two-phase, 
five-wire system is only 80 per cent efficient. This is true as 
regards the utilization of the installed copper and on the same 
basis the three-phase, four-wire system is only 75 per cent efficient. 

As to the matter of voltage unbalance on three-phase secondary 
mains, with a wire spacing of 144% in., I might say the unbalance 
is not much decreased even with a spacing of 414 in. such as on a 
bracket. That can be easily checked by calculation. Whether 
voltage unbalance is caused at the source or along the mains 
makes no difference in the effect. 


As I think the paper brought out, I favor the higher primary 
voltages. However, itis true that there has been in the past some 
distrust, at any rate on the part of the public and some engineers, 
of the higher primary voltages for distribution. 


Comparing systems on the basis of starting off new would be 
interesting, but hardly justifiable. But the words of the old 
adage still hold true:—‘‘No matter where you are going, you 
must start from where you are.”’ That is the point from which 
my paper started. 


In the matter of relative costs of distribution systems and 
the relative savings in the light of growth, Tables No. III and IV 
were based, for the particular area under investigation, on a 
doubling of the present dense load. Whether doubling or quad- 
rupling of load is assumed, there must be taken into account one 
factor which seems very important—the increasing loads supplied 
to customers at primary voltage. As larger buildings are erected 
and the load grows, it does not necessarily follow, particularly in 
a congested area, that delivery of all the increased load will be 
at the same low voltage. Often delivery will be at primary volt- 
age, with the customer providing his own transformers and decid- 
ing on the voltage and number of phases on his premises. The 
primary system will probably supply the medium and large cus- 
tomers and thus absorb a large percentage of the increased load, 
and the secondary system will supply the smaller customers. 


Reference has been made by two speakers to the two-phase 
system as being ‘inferior’ or “inherently bad.” Is a system 
inferior or inherently bad unless it is either extravagant or 
inadequate with regard to service? The two-phase, five-wire, 
secondary system is not a “‘proposed”’ system, but has been an 
actual reality for years. It has given adequate service since the 
inception of polyphase systems and still is giving economical 
service. It delivers standard voltages, and this cannot be said 
of some of the present and proposed three-phase systems. It 
employs standard apparatus. It affords maximum voltage and 
load balance in the system. Itis flexible in growth and ade- 
quately serves the customers’ conveniences. 


Therefore, my conclusions still are:—The two-phase, five-~ 
wire secondary system is adequate and economical, and has a 
recognized place in distribution practise not inferior to any 


. other system. The two-phase, five-wire system as well as any 


other adequate and economical system where once established 
should be continued unless another system presents greatly 
superior engineering and economic advantages. 


The Oil Circuit Breaker Situation from an 


Operator's Viewpoint 
BY E. C. STONE! 


Member, A. I. E. E. 


Synopsis.—This paper is an outline of the oil circuit breaker 
situation from the operator’s standpoint, particularly with reference 
to interrupting duty, as it appears today to the author. Itis not an 
original study, but rather an assembly of previously existing informa- 
tion, and is arranged by topics with a view to bringing out a large 
amount of discussion, in the hope that tt may result in further clarify- 
ing the very complex problem of interrupting electric currents. 

The topics taken up are as follows: 

I Factors determining interrupting capacity, namely, intensity 
and duration of the arc. 
II-III Essential features of breaker design and their functions. 


IVs Factors affecting interrupting duty, with especial emphasis 
on effect on same of system and fault grounding 


conditions. 
V Relations between interrupting ratings and costs. 
VI Status of interrupting ratings with reference to maximum 


nature of such ratings and facts upon which they are 
based; relative ratings on different operating duties 
and desirable modifications in method of rating. 

VII Applications, particularly possibilities for improved practise 
in future, and- necessity of adequate maintenance on all 
breakers in service. 


can Institute of Electrical Engineers, a paper 

on “The Rating and Selection of Oil Circuit 
Breakers” was read by Messrs. Hewlett, Mahoney, and 
Burnham. In this paper the manufacturers presented 
their interpretation of the A. I. E. E. standards on 
oil circuit breakers as they existed at that time and 
a discussion of the features involved in the selection of 
oil circuit breakers for use on the various power sys- 
tems. Since that time, much additional experience has 
been gained in the design and operation of oil circuit 
breakers and a definition of interrupting duty has been 
added to the standardization rules of the A. I. E. E. 

In that which follows, no attempt at original research 
into the problem of oil circuit breaker interrupting 
duty has been made. Rather, the purpose is to present 
briefly a bird’s-eye view of the circuit breaker situa- 
tion from an operator’s standpoint, as it appears to the 
author today. It is hoped that the outline which 
follows, of some of the more prominent phases of the 
subject, will call forth discussions which will bring out 
much important information. 

The rating of an oil circuit breaker includes normal 
voltage, normal current, normal frequency, maximum 
momentary current which the breaker can withstand, 
and interrupting capacity. Of these items, all except 
the last are perfectly simple and not subject to argu- 
ment. Hence, interrupting capacity is the only item 
of rating which is involved in the following discussion. 


\ T the 1918 Midwinter Convention of the Ameri- 


I—Factors DETERMINING INTERRUPTING CAPACITY 
OF OIL CIRCUIT BREAKERS 


The interrupting duty imposed upon an oil circuit 
breaker when it opens a circuit depends on: 

a. Intensity of are between contacts, which is a function of 
magnitude of current interrupted. 

ie Planning Engineer, Duquesne Light Co., Pittsburgh, Pa. 


Presented at the Annual Convention of the A. I. E. E., 
Saratoga Springs, June 22-26, 1925. 


b. Duration of are, which is a function of the voltage tend- 
ing to maintain the are; that is, the “recovery voltage’ which 
appears across the terminals of the switch at the moment the are 
is interrupted. 

The effect of the are is to release an amount of 
energy in the tank which is determined by the inten- 
sity and duration of the arc, as stated above. This 
energy appears as heat which breaks down a portion 
of the oil in which the contacts are submerged. Gases 
are emitted, which develop high pressures, and carbon 
is deposited, causing loss of insulation strength of the 
oil. Also, the contacts are usually more or less burned. 
If, due either to too great intensity of are (excessive 
current), or too great duration of arc (excessive voltage), 


or both, excessive amount of energy is released, the - 


breaker will be unable to withstand the pressure 
developed and will give way, accompanied by more 
or less severe explosion, due to which the oil may ignite. 
The maximum amount of energy which the breaker 
safely can take care of marks the limit of its interrupting 
capacity. : 

After a breaker has opened the circuit, the gas pres- 
sure disappears in a comparatively short time, as the 
gas escapes through the vent, but the burning of 
contacts, carbonization of oil, and depositing of carbon 
on insulated surfaces inside the tank are accumulative. 
That is, every time a circuit breaker opens a circuit 
through which current is flowing, the are produced 
causes burning of contacts, oil carbonization, and car- 


‘bon deposit which effect a definite reduction in the 


interrupting capacity of the breaker. After a suffi- 
cient number of circuit openings, interrupting capacity 
of the breaker is exhausted and can only be restored 
by repairing contacts, cleaning inside insulating sur- 
faces, and replacing old oil with new. 

The loss of interrupting capacity of a breaker, as it 
operates, may be likened to loss of capacity in a storage 
battery as it discharges. After a certain duty has been 
performed, the breaker, like the storage battery, be- 
comes exhausted. As the duty is intensified, the life 
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of the breaker is shortened, just as the life of the bat- 
tery is shortened on heavy load duty. Again, just as 
the battery may be recharged after its life has been 
run, so a breaker can be brought back to its original 
rating by a little simple and inexpensive maintenance. 


II—ESSENTIAL FEATURES OF OIL CIRCUIT BREAKER DE- 
SIGN WHICH DETERMINE INTERRUPTING CAPACITY 


The essential features of design which determine 
interrupting capacity are: 

a. For interruption of arc— 

Contact break distance 
Speed of contact travel 
Contact pressure 
Magnetic blow-out effect 
b. For absorption of energy of arc (gas pressure)— 
Volume of oil 
Oil head above contacts 
Air space above oil 
Venting 

c. Mechanical Strength—Great mechanical strength 
is required throughout to withstand the strains due 
both to pressures developed by release of gas and to 
electromagnetic effects of the heavy currents handled. 

d. Thermal capacity—-All current-earrying parts 
must have sufficient thermal capacity to carry the 
maximum currents while they last. 

Operating tendency is to require increased thermal 
capacity to take care of the longer duration of short- 
circuit current due to the higher relay settings used 
for obtaining selectivity of circuit-breaker operation and 
for taking advantage of the current decrement curve 
. of the synchronous equipment. 

e. Oul quality— 


III—DESIGN FEATURES ON WHICH DIFFERENCE OF 
OPINION EXISTS 


Opinion is divided as to the value of the following 


design features: 

High Speed contacts 

Explosion chamber 

Multiple contacts in series 

Resistance introduced into breaker circuit to reduce 
energy released by arc in breakers 

Opinion is also divided as to the best means of 
absorbing the gas pressure and the different designs take 
care of this feature by various methods. 


IV—Factors DETERMINING THE INTERRUPTING DUTY 
TO WHICH AN OIL CIRCUIT BREAKER IS TO BE 
SUBJECTED 


Since interrupting capacity depends on current 
interrupted and recovery voltage, the interrupting 
duty in any case varies with these two factors: 

1. Factors affecting current to be interrupted—The 
maximum current which a circuit breaker may be 
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required to interrupt is obviously a dead short circuit 
at its terminal. 

The current at any point of a system, under short- 
circuit conditions, is affected by the following factors: 

a. The total kv-a. reactance, and transient charac- 
teristics of the synchronous machines connected to the 
system. 

b. Number, reactance, resistance, capacitance, and 
arrangement of all circuits over. which power can be 
supplied to the point of short circuit. 

ce. Thekv-a. arrangement, resistance, reactance, and 
capacitance of all reactors and transformers, through 
which power can be supplied to the point of short circuit. 

d. Contact resistance at the short circuit. 

-e. The nature of the short circuit, whether single- 
phase or multiphase. 

f. The kv-a. and power factor of the load being 
carried at the time of short circuit. 

g. The point of the pressure wave at which the 
short circuit was established. 

h. The use of automatic voltage regulators. 

i. Conditions as to grounding of system neutral and 
grounding of short circuit. 

j. Elapsed time from first cycle of short circuit to 
interruption of are on breaker contacts. 

2. Factors affecting recovery voltage—Very little 
consideration, so far, has been given to these factors 
although they are fully as important as those affecting 
current. The most obvious are: 

a. Phase angle between interrupted current and 
recovery voltage. 

b. Conditions as to grounding of system neutral 
and grounding of short circuit. . 

ce. The kv-a. and power factor of the load existing 
at the time of short circuit. 

d. Arrangement and characteristics of circuits and 
apparatus. 

The effect of item (a) has been discussed in a pre- 
vious paper’. Under ordinary operating conditions 
item (c) should not vary sufficiently to affect radically 
the interrupting duty of the circuit breakers. The 
effect of Item (d) is to cause a high frequency transient 
voltage to be superimposed on the normal frequency 
recovery voltage, as a result of the discharge of stored 
energy in the system. Comparatively little data are 
available on the magnitudes of these transient voltages 
under varying system conditions—in most cases, how- 
ever, it does not seem probable that they will increase 
the interrupting duties on breakers beyond the factors 


‘of safety intended to be in the breaker ratings. 


Conditions as to grounding of system neutral and 
grounding of short circuit, item (b), however, have very 
marked effect on the recovery voltage and therefore 


2. Items (a) to (h) listed herein are taken from the paper 
“Rating and Selection of Oil Circuit Breakers” by Hewlett, 
Mahoney, and Burnham, A. I. H. E., 1918. 

3. “The Rating and Selection of Oil Circuit Breakers’ by 
Hewlett, Mahoney, and Burnham, A I. E. E., 1918. 
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All Contacts One Contact Two Contacts All Contacts 
osed Open Open Open 
]-A-a 1-A-b 1-A-¢ 1-A-d 
1 eal giesisih a) 
0.0 0.87 1.0 0.58 
0.0 0.0 1.0 0.58 
0.0 0.0 0.0 0.58 


la. GENERATOR NEUTRAL GROUNDED OR UNGROUNDED 
FauLtt UNGROUNDED 


All Contacts One Contact Two Contacts All Contacts 
Closed Open Open Open 
1-B-a 1-B-b 1-B-c 1-B-d 
0.0 0.58 0.58 0.58 
0.0 0.0 0.58 
0.0 0.0 0.0 0.58 


lp. GENERATOR NeEuUTRAL SOLIDLY. GROUNDED 
FauLt SoLiIpLy GROUNDED 


All (ontacts oo pen Two Contacts: All Contacts 
rei Open Open 


1-C-¢ 1-C-d 


Closed 


000.58 
1.0t00.58 
0.0 0.0 0.0 0.58 


lc. GENERATOR NEUTRAL RESISTANCE GROUNDED 
FauLtT GROUNDED 


0,87 to, eas 


Generator Neutral 


Three Phase Gen. 
with windings star 
connect 


Contacts Closed 


"] Circuit Breaker 
| showing 3 con- 
1 tacts 


=4iy 


Point of Short Cireuit 
Ip. ExpLANATION oF Diacrams 1a To Ac 
Fig. 1—ReEtativE RECOVERY VOLTAGES FOR VARIOUS SYSTEM 
CONDITIONS 

In Figs. 1a to Ic the numbers directly under the breaker contacts give 
the normal voltages, expressed in decimals of normal system line voltage, 
which will exist across the respective contacts under the conditions shown. 
Under usual operating conditions, these values may be assumed as the 
limiting normal frequency recovery voltages on which interrupting rating 
should be based. 


The parts of the circuit in which short-circuit current flows are shown 
by heavy lines. 
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on the interrupting duties imposed on the breakers. 
The relative values of recovery voltage under the 
various possible grounding conditions are shown in 


. Figs. la to 1e. 
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V—RELATION OF RATED VOLTAGE AND INTERRUPTING 
CAPACITY TO Cost OF OIL CIRCUIT BREAKERS 


For the study of problems in economics of system 
design a series of curves showing comparative costs 
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Fig. 3—Cost vs. INTERRUPTING RatTInG FoR Ort CrRcUIT 
BREAKERS, 25-Kyv. anp ABOVE 


of oil circuit breakers has been compiled. These 
curves are based on present day prices and are believed 
to present a fairly accurate picture of the relation of 


20,000 


DOLLARS,COST 


80 100 0 
RATED VOLTAGE, KV. 
Fig. 4—Cost vs. Voutace Ratine ror O1n Crrcurr BREAKERS 


InterRuPTING Ratines 750,000-Kv-a. to 1,500,000-Ky-a. 
costs to interrupting ratings as a whole, although in 
some individual cases-the price of a given breaker may 
be considerably out of line. These curves are shown 
in Figs. 2, 8, and 4. 
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On low-voltage breakers interrupting capacity is the 
chief factor in determining price, while voltage has less 
effect. Thus, a 15-kv. breaker of 300,000-kv-a. inter- 
rupting capacity costs approximately 16 per cent more 
than a 15-kv. breaker of °130,000-kv-a. capacity, 
while a 25-kv. breaker of 500,000-kv-a. capacity costs 
approximately only 9 per cent more than a 15-kv-a. 
breaker of the same capacity. (Fig. 2.) 

On high-voltage breakers, however, voltage is the 
chief factor in determining the price, while interrupting 
capacity has a lesser effect. Thus, a 37-kv. breaker of 
1,500,000-kv-a. capacity costs approximately only 
28 per cent more than a 37-kv. breaker of 750,000- 
kv. capacity, but a 73-kv. breaker of 750,000-kv-a. 
capacity costs approximately 60 per cent more than 
a 37-kv. breaker of the same capacity. (Fig. 2.) 


VI—STATUS OF INTERRUPTING RATINGS 


Interrupting ratings of oil circuit. breakers are 
admittedly maximum ratings so that breakers cannot 
be expected to function properly even slightly beyond 
their ratings. It is understood, however, that these 
ratings are based on interrupting an ungrounded short- 
circuit, under which condition the normal frequency 
recovery voltage is a maximum. (Fig. 14.) 

Interrupting ratings are based on a constantly in- 
creasing fund of knowledge resulting from tests in 
factory and field and from operating experience. 
Special attention is called to the exhaustive factory 
tests made by one manufacturing company. Some 
of the interrupting duties under which breakers have 
been tested in the field are shown in Table 1. 


TABLE I 
FIELD TESTS ON OIL CIRCUIT BREAKERS 


HIGH INTERRUPTING CAPACITY 


Grounding Characteristic 


Maximum 
Normal | Limiting |kv-a.three}] Amperes 
Line Recovery |phase In- per Short 
Voltage | Voltage | terrupted| Pole System Neutra] Circuit 
(See Note) 
132 kv. 77 kv. 725,000 3150 Dead Grounded | Grounded 
110 kv. 63 kv. 542,000 2850 ¥ * Grounded 
44 kv. 44 ky. 280,000 3660 - ‘3 Ungrounded 
44 kv. 25 kv. 246,000 3220 ss ic Grounded 
24 kv. 14 ky. 580,000 | 14,000 ss se Grounded 
23 kv. 23 kv. 450,000 | 11,400 |Grounded through | Grounded 
Resistance 
13-kv. | 7.5 kv. 545,000 | 23,700 | Dead Grounded ! Grounded 
Nore: Limiting recovery voltage, as used in above table, is defined as 


the maximum or limiting normal frequency recovery voltage which can 
appear across the contacts of one switch pole after the arc is interrupted, 
under the grounding conditions existing in the test. For explanation of 
method of obtaining these values see Figs. 14 to 1b. 

On the actual tests the recovery voltage did not in any case reach the full 
limiting value as given above, even taking into account such higher fre- 
quency harmonics as were developed. 


So far as the writer has been able to ascertain, no 
field tests have been made where more than 725,000- 
kv-a. has been interrupted. Most of these field tests, 
as shown in the table, have been made on grounded 
short-circuits in systems with dead grounded neutral. 
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In such cases the recovery voltage is approximately 
only 58 per cent of that on a system with neutral 
ungrounded or grounded through a high resistance. 
The interrupting duty under such tests was therefore 
only about 58 per cent of that which would have been 
imposed if the tests had been made on systems with 
high resistance instead of dead grounded neutral. In 
general, also, tests were made under conditions where 
the transient voltages resulting from the interruptions 
of the short circuit have been very small, but on the 
other hand, metallic short-circuits were used which 
would give more severe conditions than probably 
exist ordinarily in service. 

Oil circuit breakers, with their designs based on the 
results of tests within the range of their interrupting 
rating, may be expected to perform satisfactorily up to 
these ratings, where they are installed under system 
conditions similar to those under which the field tests 
were made, particularly in regard to conditions as to 
grounding of system neutral and grounding of short 
circuits which the breaker must interrupt. 

For ratings beyond the range of tests, it must be 
clearly borne in mind that very little direct data have 
been obtained and that designs are based on data 
deduced from tests made on lower interrupting duties. 
It remains to be seen how accurate the conclusions thus 
drawn will prove to be. 

In oil circuit breakers for high voltages, the tank size 
is determined by the voltage rather than by interrupting 
duty. It is quite possible that the interrupting capac- 
ity of high-voltage breakers may prove to be larger than 
expected for this reason. 

All published interrupting ratings are now based on 
the standard operating duty approved last year by the 
Protective Devices Committee and printed in the 
A. I. E. E. JOURNAL for October, 1924. 

Referring to the standard definition of interrupting 
rating on which the standard operating duty is based, 


- it is probable that the term “Normal Voltage” will 


require further definition in view of the wide differences 
in the recovery voltage which may prevail with the 
same normal system voltage. Meanwhile it is assumed 
as stated above that this term is interpreted to mean 
that the switch will be able to perform its full operating 
duty under the conditions which will give a recovery 
voltage up to the magnitude which results when the 
short circuit is ungrounded. It is not clear, at the 
present time, whether this is always the case. 

Further attention must also be given to the relative 
interrupting ratings of the same circuit breaker under 
different operating duties. 

The following relative ratings have been proposed 
by the Power Club: 


a. One-unit operating duty...... 100 per cent to 125 per cent 
Rating varies between limits given with de- 
sign of breaker 

b. Two-unit operating duty, two-minute intervals 


CT Tht ge OA xe BSE tio BAe GO OG OS ie ae 100 per cent 
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e. Four-unit operating duty, two-minute 
intervals: ;. hci bee ence Re ee eee 
d. Four-unit operating duty, one-half minute 
irtervals.t... ees eer nace (a eee ee ese eres 


70 per cent 


60 per cent 
25 per cent 
30 per cent 


Four-unit operating duty, no time intervals.. .. 
300-unit operating duty, 15-minute intervals... 


mr © 


Four-unit operating duty, successive intervals 
OF OV3Os TO SeCONAS Sette ae eae 
h. Four-unit operating duty, successive intervals 
of Aba 80k 75 seconds Weeks ae ee eee 

i. Three-unit operating duty, one-minute 
INVOLVES acre sree cee ee eee CIR eee 


30 per cent 
40 per cent 


70 per cent 


It is recommended that operating duties (d), (e), 
(g), and (h) be confined to oil circuit breakers having 
interrupting ratings on standard operating duty not 
over 250,000 kv-a. and voltage ratings not over 
ot ky. 

Taking the above figures as a basis, it is probable that 
a breaker that will perform satisfactorily under operat- 
ing duty (a) or (b), one or two interruptions, will also 
perform satisfactorily on any of the other operating 
duties at the percentage rating given. On the other 
hand, it does not seem at all certain that a breaker which 
will satisfactorily interrupt the lower values of kv-a. 
on multiple interrupting duty will also be able to inter- 
rupt the higher kv-a. of the one or two interruption 
operating duties on the percentage relation shown in 
the table. 


37 ky, Fating tS 


0 800,000 1,200,000 600,000 
INTERRUPTING RATING AT STATED 
VOLTAGE BASIS 


Fie. 5—ComparatTiveE Costs or IntTERRUPTING RaTINGS IN 
Ort Circuit BREAKERS OPERATED AT VOLTAGES BELOW NoRMAL 


In Fig. 5 are shown the relative costs of obtaining 
interrupting capacity when using breakers at voltages 
below their normal rating. Thus, while a 37-kv. 
breaker of 1,150,000-kv-a. interrupting rating will cost 
$5000, a 73-kv-a. breaker, giving the same interrupting 
rating on 37-kv. operation, will cost $7300, an increase 
of 46 per cent. The effect of this relation of ratings is 
to make very much more expensive the use of breakers 
of higher-voltage ratings than the normal operating 
voltage of the system in which they are connected, 
although such practise becomes vitally necessary on 
some systems. Certain operating data which have 
come to the attention of the writer lead him to believe 
that in many cases the permissible increase in inter- 
rupting ratings at reduced voltage operation is too 
conservative and it is earnestly suggested that the 
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manufacturers give careful consideration to revision 
of their present standards in this respect. 


Tests are still urgently needed to prove performance 
at greater interrupting capacities and it is hoped that 
the operating companies will continue the practise of 
testing oil circuit breakers at progressively greater 
interrupting duties as the available short-circuit 
capacity on their systems increases. To assist in 
carrying out these tests and to provide for getting the 
greatest benefit from results obtained, a proposed 
uniform procedure for testing the interrupting rating 
of oil circuit breakers was approved by the Protective 
Devices Committee at its meeting last spring. This 
procedure now has the approval of the Electrical Ap- 
paratus Committee of the N. E. L. A. and is recom- 
mended as a basis of procedure for all future oil circuit 
breaker tests on power systems. 


VII—APPLICATION OF OIL CIRCUIT BREAKERS 


In considering the application of an oil circuit breaker 
to a specific situation, the maximum interrupting duty 
must be determined by calculation of maximum current 
to be interrupted and maximum recovery voltage. 
The interrupting rating of the breaker specified will 
depend upon the maximum interrupting duty as thus 
determined and the particular operating duty which 
will be demanded of the breaker in service. At the 
present time conservative practise requires that calcu- 
lations be made on a basis that will give a maximum 
interrupting duty equal to or somewhat higher than 
that which can actually be imposed on the breaker. 


Calculation of short-circuit current is thoroughly 
understood and can be made with almost any desired 
degree of accuracy.‘ Calculation of recovery voltage 
is not so well understood. The important factor to be 
taken account of in determining recovery voltage is the 
condition as to grounding of system neutral. (Refer 
to Figs. 1A tolc). Up to the present time most of. the 
heavy-duty oil circuit breaker experience has been 
derived from systems with dead, or nearly dead, 
grounded neutrals, on which the interrupting duty for a 
given current is of the order of only 58 per cent of that 
on a system with ungrounded or high-resistance 
grounded neutral. Hence on systems of the later type, 
which are becoming more numerous all the time, it 
becomes of prime importance to give careful considera- 
tion to the more severe conditions. 


Up to the present time comparatively little atten- 
tion has been given to refinement in the application of 
oil circuit breakers. As the interrupting ratings of 
breakers become more accurate it should be possible 
to fit breakers more closely to their individual duties. 
Many factors under operating conditions tend to make 
the current which must be interrupted on most faults 
of much less magnitude than the maximum current of a 


4. “Application of Decrement Factors in Short Circuit 
Studies” by W. R. Woodward, Electrical Journal, May 1924. 
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dead short circuit at the breaker terminals. Some of 
the more obvious of these factors are: 

Resistance in fault. 

Faults resulting in grounds or three-phase shorts, whereas duty 
may be calculated on the more severe single-phase line to line 
short. 

Neglect of system resistance in calculating fault currents. 

In networks, the interruption of the fault in two or more steps.° 

When these factors are known and circuit breaker 
ratings are also accurately determined, it may be found 
that the maximum conditions assumed in the selection 
of the breaker at the present time occur so seldom that 
they may be treated as a special case. This special 
treatment might involve allowing the breaker to func- 
tion above its rating in these few instances, or by 
prescribing a less severe operating duty under especially 
heavy short circuits, or by installing breakers in group 
arrangement in such a manner that one breaker of 
sufficient interrupting capacity to meet maximum duty 
would be in series with a number of smaller breakers 
designed for average conditions and would only open 


~ 
> 
o 
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PERCENT KV-A. INTERRUPT: 
ING RATING 


100 80 60 40 20 
PERCENT OF RATED VOLTAGE 


Fic. 6—IncreAase or INTERRUPTING RATING OF AN OIL 
Circuit BREAKER WHEN OPERATED AT A VOLTAGE BELOW 
ims NorMAt VOLTAGE RATING ; 


. when the rating of the small breakers was exceeded by 
the short circuit. All of these methods are in use to 
a limited extent at the present time, but their effective- 
ness is uncertain, because of lack of exact knowledge as 
to conditions. Data on actual values of fault currents 
as experienced in every day operation are much needed, 


and-it is believed that if such data could be obtained — 


and analyzed, material savingsin overall circuit-breaker 
investment might be effected without undue hazard to 
service. 

A number of companies have found it necessary to 
use breakers designed for normal voltage higher than 
those of the systems on which they are to be used, in 
order to obtain adequate factors of safety against 
insulation failure. On the basis of ratings now stand- 
ard, this factor of safety is obtained only at marke 
increase in cost. (Fig. 6.) 

The standard definition of operating duty of a circuit 
breaker contemplates very clearly that after the rated 
interrupting duty of the breaker is performed, the 
‘breaker is no longer good for its rating until suitable 
maintenance has been performed. The reasonableness - 
of this condition is found in the explanation in Section I 
above of what happens within the breakers when a 


5. See discussions on papers on Baltimore tests, especially 
that by A. F. Bang, A. I. E. E., 1922. 
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current is interrupted. It is of the utmost importance 
that this limitation be recognized. An adequate system 
of inspection and maintenance must be set up if 
satisfactory service is to be obtained. In this con- 
nection it is obvious that the cost of maintenance will 
be less where the rated interrupting capacity of the 
breaker is in excess of the maximum duty it is called 
upon to perform. In circuit-breaker installations, 
therefore, some consideration should be given to 
striking a balance between first cost and maintenance 
cost. Due consideration of both of these factors will 
sometimes call for a larger breaker than would otherwise 
be specified. 


Discussion 


W. S. Edsall: We feel that there is not a great deal in this 
paper that can be discussed by the manufacturers, because it is 
a paper primarily presenting the operators’ viewpoint. 

This showing of the various conditions of the grounding of 
the system and generator is going to help the general situation. 
The effect of grounding upon recovery voltage and the effect of 
recovery voltage upon the duty of an oil circuit breaker have not 
been given the attention the subject merits by either the manu- 
facturer or the operator. The manufacturer has known that 
very severe duties are imposed upon the breaker under high 
recovery-voltage conditions. The operators in many eases have 
not known that the systems contained certain combinations of 
reactance and capacitance which would, under certain conditions, 
give high recovery voltages. 

We feel it important that the recommendation of the Protect- 
ive Devices Committee regarding definitions for normal voltage, 
recovery voltage, normal current, ete., should be followed out. 
The publication of such definitions will tend to call attention to 
the conditions that exist, and will lead to more accurate applica- 
tion of breakers to the system. 

Some European engineering associations have already made 
definitions that would distinguish between normal voltage and 
recovery voltage. ‘ 

O. K. Marti: Mr. Stone brings out in his paper that it would 
be highly essential, in the future designs of breakers, to have more 
data regarding four distinguished designs (see his paper under 
ITI) sinee the opinion is greatly divided as to their value. I shall 
refer below to two designs which European engineers, at present, 
believe to be the right steps in the right direction, namely, to 
the application of multiple contacts in series and to the intro- 
duction of a resistance into the breaker circuit. 

Very little information has been actually published regarding 
the operation of breakers embodying the above designs. To 
my knowledge, there are only two references on the foregoing 
information, the first in a report to the Swiss Commission by 
Dr. B. Bauer!, and the second in an article by Mr. G. Bruehlmann? 
in the Brown Boveri Review. Both articles are based upon 
elaborate tests which led to facts not suspected at the time of 
starting the investigations. 

In Fig. 1 herewith is shown an arrangement whereby a pro- 
tective resistance may be introduced by means of multiple 
contacts in series, and its effect realized from Fig. 2. An a-e. 
are is extinguished at the moment the current passes through 
zero if the recovery voltage does not increase high enough so that 
an are can be struck anew. Thus it may be noted from the 
oscillograms taken at Section I of Fig. 1 and shown in Fig. 2 that 
the inerease of the voltage immediately after the are in Section I 
extinguished, in case of introducing a protective resistance (see 
curve denoted by 4) was much more favorable than when no 


1. Bulletin, Ass. Suisse des Electriciens, 1915. 
2. Brown Boveri Review, March, 1923, page 43. 
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resistance was introduced (see dotted curve denoted by 7). The 
advantage of the new design lies in the slow increase of the voltage 
due to the fact that it retards its recovery speed and thus gives 
the produced are gases time to cool. Furthermore, there may be 
noted the very favorable influence of the recovery voltage im- 
mediately before the are extinguishes, having then the value of 
the ignition voltage. Tests with breakers having various sizes 
of protective resistances, in addition to many unexpected facts, 
gave the following results: 


Protective Resistance for Breaker 
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Fre. 1—Dracram or CONNECTION OF A BREAKER WITH PRO- 
TECTIVE RESISTANCE 


The best interrupting conditions in any breaker circuit are 
obtained when a protective resistance eight or ten times the 
short-circuit impedance is introduced during the short circuit. 

The duration of the are decreased considerably, while the 
breaker duty, volume of are gases, and the pressure of the oil 
decreased accordingly. It was actually found in several 
tests that the released energy in the are was less than 1/10th. 

Other tests which were conducted by the Swiss Federal Rail- 
roads on single-pole breakers rated 15,000 volts, 350 amperes, 
revealed the fact that, in a single tank of less than 5.5 cu. ft. 


Fig. 2—VouLTaGE AND CURRENT WHEN A CirRcuIT BREAKER 
Havine Protective ResistaNce 18 TRIPPED BY A SHORT- 
CIRCUIT AS SHOWN IN SECTION 1 
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volume over 100,000 ky-a. interrupting capacity could easily be 
handled by introducing in the breaker circuit a protective 
resistance with multiple-break arrangement. The protective 
resistance in the above breaker is an integral of the breaker and 
is inserted in the tank. The result of this test was the adoption, 
of such breakers as standard designs by two state railways in 
Europe. . 

The addition of a resistance to a breaker or to the system 
of a power station should not be considered as a step in the 
wrong direction in breaker design, since similar steps are being 
made at the present time along this line in protecting electric 
equipment, as, for instance, by the addition of reactors, a limita- 
tion of the short-cireuit current is obtained. 
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- sideration by selecting a breaker. 
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A schematic arrangement of a multiple-contact breaker is 
shown in Fig. 3. The purpose of this design is mainly for the re- 
duction of the produced are gases and the deposit of carbon, the 
latter causing loss of insulating strength of the oil during inter- 
ruption. By dividing up the arcing distance, less energy is released, 
and since the gas is produced at several places throughout the 
oil volume, the latter is therefore much more quickly cooled. 
Moreover the are can be much more easily controlled, and, there- 
fore, several dielectric problems overcome without a complicated 
design. Realizing that 100,000 volts require an arcing distance 
of over 70 in., the foregoing fact would. be greatly appreciated in 
the design of high-voltage breakers. 

It might also be of interest to know that there have been 
investigations by a European company concerning a new contact 
device using two series coils so arranged as to form a compact 
piece of apparatus, which produces a powerful action with a 
minimum of space. The field produced by these coils closes the 
breaker against the forces which are especially severe at a short 
circuit just as easily as at normal load. The forces tending to 
part the contacts are due to the electrodynamie action and the 
gases produced between the contacts resulting from the current 
and the are. The magnitude of such forees and their influence 


Fie. 3—ARRANGEMENT OF BREAKS AND PATH OF CURRENT IN 
Case or TEen-SpeRIeES BREAKS ' 


upon the operation of the breaker and its control mechanism may 
be better realized after considering the following figures; by 
breaking a current of about 25,000 amperes and assuming that 
its maximum value including the asymmetrical component is 
about 50,000 amperes, the foregoing forces would be approxi- 
mately 400 lb. which have to be given due consideration in the 
design of breakers. 


The factors determining the duty of a breaker are tabulated 
under Table IV of Mr. Stone’s paper. It follows that the duty 
depends upon a great number of factors which require a very 
tedious and rather drawn-out procedure when given due con- 
It may be of interest, there- 
fore, to know that a table for ratings of circuit breakers has been 
published by the Swiss Commission of Oil Circuit Breakers® 


“which may be considered as a first step to simplify the foregoing 


mentioned procedure. This table is shown as Table I herewith 
and has already been adopted in various parts of Europe. 


A. H. Kehoe: Many of the large capacity circuit breakers 
require extrapolation of published test data to establish their 
rating. This applies particularly to the restoring voltage after 
final rupture takes place. Future tests of cireuit breakers 
should be with restoring voltage at least equal to the system 
voltage on which the circuit breaker is to be used, and for some 
situations double normal voltage should be used on the test 
circuit in order to obtain correct performance data of the breaker. 


In several places the paper mentions contact resistance at the 
short-circuit as being one factor to be considered in selecting 
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the size of breaker required. While it may be possible to ar- 
range a circuit so that faults will be in the form of ares, yet 
short-length arcs have voltage drops in the order of 100 to 200 
volts for currents from 1000 to 15,000 amperes so that on high- 
voltage systems contact resistance is negligible. This fact iy of 
importance in considering the destructive forces at a fault, 
particularly on high-voltage cable systems. Instead of in- 
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creasing with the voltage, the destructive effect is quite the 
reverse, as high-voltage lines generally have a considerably lower 
value of short-circuit current than do the circuits now commonly 
used. ; 

J.B. MacNeill: On the second page of his paper Mr. Stone 
gives certain features of design which affect rupturing capacity, 
and states that there exist differences of opinion regarding the 
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most effective principle for a particular range of circuit breaker 
sizes and capacity is limited in its use to such sizes. 

It is generally known that the magnetic blowout effect of the 
current passing through the loop formed by the contacts and 


40,000 


20,000 


per 
An A i 
] } S$ Ate 
see /\“Endof Arcing) | | 
; Arcing Commences | , | 


Fic. 5—OscrnnoGram or Orn Circurr Breaker Test OPEN- 
ING APPROXIMATELY 25,000 R. M.S. Ampnres at 13,200 Vouts, 
25 CyYcLEs 


terminals of an ordinary moderate-voltage breaker has a tre- 
mendous effect in accelerating the are formed between the 
contacts. The length of the are thus formed may be pretty 
much independent of the mechanical speed of the breaker al- 


TABLE I 


DUTY IMPOSED ON ONE BREAKER POLE ON TWO- AND SINGLE-PHASE SHORT CIRCUITS COMPARED WITH DUTY ON 
THREE-PHASE SHORTS 


Short Circuit via 
transmission lines 
and transformers 


Short Circuit 
at generator terminals 
(without appreciable line impedance) 


Nature of Initial Short equals Initial Short Sustained Short | 
Quantity Short Circuit sustained Short 
Three-phase 100% 100 % 100 % 
Current interrupted.:........ Two-phase 2 X.100 = 87% abt. 100% abt. 115-150% 
Single-phase 100% abt. 115% abt. 150-200 % 
Three-phase 100 % 100% 100% 
1 1 5 
WOlUAS Cart ae wen ease ie wat eus Two-phase a L008 =F 5855 =, < 100) =" 58% abt. 65- 85% 
Vv 3 Vv 3 = 
100 100 
Single-phase oa = 67% RS =" 67% abt. 85-115% 
Three-phase 100% 100% 100% 
1 
Interrupting capacity........ Two-phase 50% ee X 100 = 58% abt. 75-125% 
Vv 
100 115 
Single-phase 5 = 67% C.a. 15 ibe abt. 125-230% 


The table is based on the assumption that the impedance of the generators in each phase is smaller by about 15% on two-phase and single-phase 
shorts when compared with three-phase shorts, due to the magnetic interlinkage of the phases. 
In the last column the first figure refers to low-speed generators, the second figure to turbo generators. 


merits of some of these features. The general use of certain of 
these features over a large range of voltage classes and interrupt- 
ing capacities necessarily results in the application in places 
where a given principle may not be used to its full advantage as 
well as in places where the principle may be particularly useful. 
For instance, the magnetic blowout effect referred to by Mr. 
Stone is of negligible importance on high-voltage breakers where 
the current to be interrupted is only a few thousand amperes. 
On the other hand the use of high-speed’ breaks on low-voltage 
breakers where the interrupting current is large, would be 
entirely superfluous. The best results are obtained when the 


though sluggish breaker action is not to be advocated. As an 
illustration of what can be accomplished with magnetic blowout 
effects, Fig. 4 herewith shows an oscillogram of a special circuit 
breaker opening a current of 18,000 r. m. s. amperes on a single- 
phase grounded cireuit at 11,000 volts. The total time of 
operation of the circuit breaker including the tripping time, 
movement of the contacts, and blowing out of the are, is only 
one-half cycle on 25 cycles. Fig. 5 shows an oscillogram of a 
standard circuit breaker of the dead-tank variety opening a 
current of approximately 20,000 amperes and in which the total 
period of arcing is approximately one-half cycle on 25 eyeles. 
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Inasmucno as the time of arcing cannot be reduced below one- 
half cyele provided the are starts at the beginning of the voltage 
wave, it can readily be seen that the addition of high-speed 
breaks or other features of design in an attempt to reduce arcing 
further would simply be adding complication to the breaker 
structure. 
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The inereased efficiency of the magnetic blowout with in- 
creasing currents is shown in Fig. 6 in which ordinates are 
r.m.s. currents and abscissas are cycles of arcing on a 13,200- 
volt, 25-eyele circuit. It is evident that the curve becomes 
asymptotic at one-half cycle. This curve represents the data 
from a large number of tests on several sizes of breakers and 
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Fic. 7—OscinLocRaM oF Ort Crecuir BREAKER Test, OPENING 
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Fic. 8—Circuit Breaker Test 


various oil conditions and illustrates the dependability and 
regularity of operation under these conditions of breakers using 
this principle. 

On the other hand, for high-voltage breakers in which the 
magnetic blowout effect is inherently small, some device must be 
resorted to to prevent the building up between the contacts of a 
pillar of are gas which may result in an unnecessary long period 
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of arcing. For this purpose high-speed breaks are particularly 
useful. Amyone who has had the experience of opening an 
ordinary knife switch will realize the difference that high-speed 
contacts make on are duration and the amount of burning on the 
contact parts. Fig. 7 shows the operation of an ordinary speed 
breaker at 44,000 volts on opening approximately 3000 amperes 
at 60 cycles. The arc extends over several cycles which, of course, 
represents a certain amount of burning of contact parts and oil 
and the generation of gas pressure in the breaker structure. In 
Fig. 8 is shown an oscillogram of a breaker with high-speed 
contacts opening approximately 4500 amperes at 44,000 volts, 
60 cycles and, therefore, the amount of arcing can be compared 
directly to that in Fig. 7. The total duration of arcing with the 
high-speed contact is 2144 cycles on a 60-eycle cireuit and con- 
sequently the amount of burning on the breaker contacts, the 
pressure generated in the tank, and the amount of oj] burned up 
are reduced to a minimum. 


Fig. 9 shows curves of the relative speed of the arcing members _ 


of a breaker with ordinary breaks and of the same breaker 
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Fic. 9—RELATIVE SPEEDS.OF PLAIN AND H1GH-SrEED CONTACTS 


equipped with high-speed contacts. These data were taken with 
oscillographs but represent mechanical action of the parts only. 
The time for a given break with high-speed contacts is approxi- 
mately one-third that required for the same displacement with 
ordinary break and this ratio holds closely over a large range of 
voltage classes. Reference to Figs. 7 and 8 indicates that the 
ratio of arcing period for the two constructions favors the high 
speed contacts more than does the comparison of mechanical 
speeds. 

M. I. Pupin: In listening to the discussion on cireuit 
breakers, I observed that there was one fundamental principle 
which I think is never taken account of in the design of cireuit 
breakers. We always take note of the principle of conservation 
of energy. The energy,—that is, the electrical energy,—must be 
transformed into some other form of energy. That, of course, is 
correct. But when you do that, you go only half-way. There 
is another principle in the science of electricity which must be 
taken into account, and that is the principle of conservation of 
momentum. You must provide something which will take up 
the electromagnetic momentum accompanying, say, 50,000 or 
100,000 amperes, and this so far as I can see, is not so easy to do. 


Arnold Roth: Perhaps I may take up the question of the 
voltage. As I am acquainted with the work of the European 
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committee mentioned in Mr. Stone’s report, I might tell you 
how we came to the conclusion to introduce the “recovery 
voltage’’ in the duty eyele and in the duty imposed on a cireuit 
breaker. 

For the time lag of our relays, we use one second and two 
seconds, and there are generating stations using four and five 
seconds. As generally known, there is a very big difference for 
generating stations between the value of the initial rush of short- 
circuit current and the sustained value. This difference is due 
to the decreasing of the field. But there is a second effect of this 
weakening of the field, that is, the decreasing of the induced 
voltage. It takes place in quite the same relation as the decrease 
of current and I wonder that more attention has not been given 
to this fact. As a consequence of this effect, if you have a ratio 
of 4 to 1 between momentary and sustained short circuit, you 
might have almost the same relation between the induced voltage 
at the beginning and at the end of the short cireuit. The 
induced voltage during short circuit is identical with the re- 
covery voltage after rupturing the circuit. That is to say, in a 
15-kv. network, you would have at the end of a short circuit a 
voltage of only 3700. You have a relation between the sustained 
and the momentary short-circuit kv-a. imposed on your breaker 
not of 1 to 4, as we used to calculate, but of 1 to 16. That is to 
say, if you cut the short circuit in four, or to 0.1 see. for this 
special case, you would have a difference from 1 to 16 that might 
be in one ease 500,000 kv-a. for momentary tripping and in the 
other 30,000 kvy-a. with time delay. You see a big difference, 
and it is absolutely necessary to introduce this relation in order 
to have a clear comparison between different tests and different 
kinds of breakers. 

I would not uphold our European practise to delay tripping 
as long as we do. I think we shall have to build breakers 
able to break the initial short circuit. But even for ‘““momen- 
tary”’ breaking, if you analyze the short-circuit tests made, you 
will find it very difficult to have the whole voltage of your 
station as recovery voltage in the moment you are breaking your 
shortcireuit. Thatistosay, take a 100,000-volt network, and you 
will always find that if, in the moment of the establishment of the 
short cireuit, the voltage has been 100,000 volts, you will have 
’ to break only about 85,000 volts if you don’t employ special 
apparatus to trip the breaker before the short circuit occurs, as 
is the practise in artificial tests. 

One of the reasons of European operating companies for 
introducing long relay setting might be of some interest. These 
companies installed breakers for the calculated short-circuit 


capacity when they built the generating stations; afterwards. 


the short-circuit capacity grew and the breakers were no longer 
sufficient to break the short circuits. Then the operators gave 
a very long time-setting to the relays in order to reduce the 
duty. They had really had some reserve for their breakers in the 
time setting of the relays. 

I shall not say that it is good practise, but it is a practise with 
which we have to calculate in Europe, and to make possible 
the calculation, we recently introduced the definition of the 
recovery voltage into our regulation. I would not dare to say 
that this manner of calculation has become general practise, 
but we hope it may. 

I should like to ask you some questions. 


and have been astonished to find how different are their opinions 


on the actual situation of the short-cireuit-breaker question. I 


have been in companies where they told me it was quite all right 
and that they had no difficulties at all. Then there were other 
networks where it was quite the opposite. Now if you calculate 
in a general way the short-circuit capacity of the different 
networks and see the general conditions you would think they 
are the same. Of course, there must be some reason for this 
different behaviour. I think it would be a very interesting 
subject to investigate. 
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portunity to see many of the leading engineers of this country ° 
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Another question is that of secondary explosions. I have 
heard many times that one of the most important reasons for the 
blowing up of breakers is the secondary explosion. We used to 
make some tests on secondary explosions by exploding gas 
mixtures, and we found that it takes a relatively big spark to 
cause an explosion. If we only had on insulators those small 
sparks which we have as “‘static’’ or something like that, it 
would be quite impossible to ignite the gas. I understand that 
after a breaker has operated, there is a mixture of explosive gas 
in the tank of this breaker, but I can’t understand how you get 
the ignition. I should be very much interested if it could be 
explained. 


Perhaps it would be interesting to do some work on the 
voltage drop in the ares of short circuits. We made a test with 
two parallel iron tubes as electrodes and a copper wire acting as 
fuse with some 90,000-kv-a., short-circuit capacity behind 
8000 volts induced voltage. We found about the same values of 
drop in the are you had here of 2 to 3 per cent, but this was true 
only for the first ten or twenty cycles, and afterwards the length 
of the are grew and the voltage drop became quite considerable 
compared to the induced voltage of the circuit, so an influence 
of the are resistance on the value of the short-circuit current and 
consequently on the duty imposed on the breaker is possible if the 
tripping of the breaker occurs in the moment the are has a great 
length. The influence was so great thatin some cases the are was 
extinguished without operation of the breaker. It took the form 
of a horseshoe growing bigger and bigger, up toa diameter of 15 to 
20 ft. and then extinguishing. 

O. R. Schurig (by letter): The following discussion refers 
particularly to the subject of secondary gas explosions. Ac- 
cording to Dr. Roth’s discussion, data obtained in Europe 
appear to show that secondary explosions are less likely to occur 
than American experience has indicated. It is, therefore, the 
object of this discussion to present some data obtained in this 
country on the subject of secondary gas explosions. 

Secondary explosions in oil-circuit breakers take place when 
properly proportioned mixtures of air and gases of decomposition 
from the oil are ignited. Hence the necessary requirements for 
secondary explosions are: 


1. A combustible gas (or vapor), 

2. The presence of oxygen (as, for instance, in air), 

3. The proportions of gas and air must be within the explo- 

sions limits, and 

4. A source of high temperature, such as a flame, an are, 

or high-temperature gases. 

Tests have shown that the conditions for secondary explosions 
are likely to be met in oil-cireuit breakers unless preventives are 
applied. 

It is well known that the gases evolved during circutt 
interruption in oil are combustible and capable of explosion 
when suitably mixed with air. The analysis of the gases dis- 
charged by an are between brass electrodes under oil (a commonly 
used mineral switch oil) showed a hydrogen content of the order 
of 60 per cent by volume at room temperature. Other explosive 
gases such as methane and ethylene are also present. 


An investigation conducted at Schenectady in 1920 and 1921 
to determine the proportions of gas and air required for ex- 
plosive mixtures showed that mixtures containing 5 per cent gas 
or more up to 50 per cent are explosive, while mixtures not 
within this range of proportions are not explosive.* 


The maximum pressures of explosion were eight times as high 
as the initial pressures, all pressures being measured in absolute 


4. For the present purpose, the term explosive is defined as capable of 
rapid combustion in a manner creating a material pressure rise. The 
maximum velocity of flame propagation was found to be of the order of 
30 ft. per sec. as indicated by the experimentally observed time interval 
between the beginning of the ignition are and the occurrence of the maxi- 
mum pressure. 
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units, in tests made with initial pressures ranging from atmos- 
pherie to 40 Ib. per sq. in. absolute (7. e., from O to 25 lb. per sq. 
in. gage). In other words, the maximum pressures of explosion 
for mixtures of circuit-breaker gases and air are, roughly, 100 
Ib. per sq. in. gage for a mixture initially at atmospheric pressure, 
and 300 lb. per sq. in. gage for a mixture initially at 25 lb. per sq. 
in. gage pressure. Mixtures containing, roughly, 20 per cent 
oil-cireuit-breaker gases and 80 per cent air (by volume) gave 
the highest pressures above indicated. 

In regard to the ignition of the gases, investigations have shown 
that high-pressure secondary explosions are brought about not 
only by an igniting are, (either the main circuit breaker are or 
some other are reaching the explosive gas mixture), but also 
by hot gases rising out of the oil and mixing with the air in the 
air space, 2. e., in the absence of an igniting are. Thus secondary 
gas explosions are within common possibility unless suitable 
preventives are applied (to effect cooling of the rising gases, 
proper confinement of the are, or elimination of sparks or ares in 
the air space). 

In addition to special investigations on this subject, the oc- 
currence of secondary gas explosions from each of the causes 
stated above has been observed on numerous occasions during 
oil circuit breaker tests when the breakers were over-loaded 
beyond their rupturing capacity or when means for preventing 
secondary explosions were omitted. 

E. C. Stone: I shall refer the question of secondary explo- 
sion to the circuit breaker designers. 

With reference to the circuit breaker situation in transmission 
net works, present operating conditions probably depend on 
whether the circuit breakers at the present time are subjected to 
less or more than the duties which they can stand. In some 
cases over-capacity breakers may have been originally in- 
stalled, or the growth may have been slow, while in other 
cases the breakers, when installed, may have had little factor 
of safety and systems may have grown very materially 
since. 

I was very much interested in Doctor Roth’s statement as 
to how the consideration of recovery voltage came about in 
Europe. In this country, two seconds is about the highest relay 
setting used. This limit has probably been set by the possible 
physical damage to equipment and disturbances to motor 
service. It seems to me that if we allowed five seconds duration 
of short circuit on our systems as they are operated in this 
country, we would get into all kinds of trouble, both with our 
executives and with our customers. 

The recovery-voltage proposition came to my attention 
through a comparison of tests made on circuit breakers of the 
order of 500,000 ky-a. interrupting capacity on systems with 
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dead-grounded neutral with those tested on systems where the 
neutral was grounded through fairly high resistance. A study 
of the oscillograms from the two systems brought out very 
clearly the difference in the recovery voltage under the two 
different conditions as to neutral grounding. 


It seems to me very important, at the present time, that we 
should give very serious consideration to “recovery voltage.” 
The fact that along the ‘‘decrement’’ curve the recovery voltage 
decreases as well as the current is another reason why recovery 
voltage should be given more serious consideration. 


In this discussion the question of rebuilding existing systems 
hascomeup. Insucha matter economics plays a very important 
part. We cannot afford to spend a very large amount of money 
for a benefit from which dividends will not be derived for a good 
many years in the future. On the contrary, we must see an 
almost immediate dividend on all money that is to be spent. The 
‘fixed charges” saved in a step-by-step development will often be 
many times more than the increased cost of such step 
development. 


There was an expression of difference of opinion between 
Mr. Kehoe and Doctor Roth with reference to the voltage at the 
arcinafault. I aminclined to think that both were right. Mr. 
Kehoe referred particularly to underground systems where the 
are is confined within close limits, while Doctor Roth referred to 
overhead systems where there is ample opportunity, particularly 
with a slight wind, for the are to spread. Our experience on the 
system with which I am connected indicates quite clearly that 
the duty on oil cireuit breakers on overhead systems is less than 
the duty on underground systems, where the theoretical maxi- 
mum short-circuit current is the same in both eases. Perhaps the 
behavior of the are as the breaker opens is one of the factors. 
Short circuits may occur on pole lines, as well as in cables, by | 
failure of two insulators simultaneously, but in this case, if a 
wooden ecrossarm is used, there is considerable resistance in the 
short circuit. 


One of our men recently reported a failure from lightning 
on a 66,000-volt line which was rather interesting. He saw the 
flash start at the insulator on a tower, spread to an are between 
wires, which were about 7 ft. apart, and travel down the span for 
probably 15 ft. or more, after which the are broke. It was, 
however, immediately reestablished at the insulator and the same 
action occurred again. This was repeated several times until the 
opening of circuit breakers cleared the line. If the circuit breaker 
had opened at the moment the are was broken its duty would 
have been, of course, light. This illustrates the possibilities that 
are to be found on overhead systems where an unstable are is 
involved. 
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Synopsis.—The quadrant electrometer has long been recognized 
as a valuable instrument for measuring power in a-c. circuits, 
especially at low values of the power factor. Nevertheless, it has 
been used but little. This has been caused to some extent by the 
fact that Maxwell’ s treatment does not hold for all electrometers, and by 
the difficulty of determining its constant with alternating current. 

In this paper, the author has discussed the theory of the instru- 
ment from the viewpoint of power measurements and has reduced its 


general equation to a simple form. He has shown how its constants 
may be determined with continuous current, and that these constants 
also apply in a-c. power measurement. He haschecked the theoretical 
calculations by experiments. Data of the determination of the 
constants of a given instrument with continuous current are given in 
the paper, as well as examples of the use of the instrument in the 
measurement of power in a number of alternating circuits having 
different characteristics. : 


HE quadrant electrometer has had long recognition 
as an instrument possessing excellent character- 
istics for the purpose of measurement. Never- 

theless, it has been used but little. To a great extent, 
this has been due to the fact that its theory is not 
available in any one place, but one must search in 
foreign publications' to find it. With this instrument, 
it is possible to measure small-alternating voltages and 
currents; also small amounts of power at very low 
values of power factor. 


I. THEORETICAL 


The instrument depends upon electrostatic repulsions 
and attractions for its torque. It consists of a needle, 


Case 


Fia. 1—QuapRANT ELECTROMETER 


or disk, cut in the shape of a figure eight and suspended 
by means of a conducting fiber in a cylindrical metal 
_ box, cut into four equal quadrants. The needle and 
the quadrants are all mounted inside of a metal case, 
which protects them from external fields. 


The case is fitted with a window through which the 
motion of the needle may be observed. The needle 
and the quadrants are insulated from each other and 
the case, and the latter is provided with leveling screws. 


*Associate Professor of Electrical Engineering, The Johns 
Hopkins University. 
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Presented at the Annual Convention of the A. I. E. E., 


Saratoga Springs, June 22-26, 1925. 


The theory of this instrument was developed by 
Maxwell? as follows: 


Let N = Needle potential 

Let P; = Potential of quadrant pair No. 1 
Let P, = Potential of quadrant pair No. 2 
Let Qo) = Charge on needle 

Let Q: = Charge on quadrant pair No. 1 
Let Q. = Charge on quadrant pair No. 2 
Let Q. = Charge on case 


The case is grounded in practise and its potential is 
therefore zero. 
The charges will be 


Qo = Ko N + Koi Pi + Koo P2 
Qi = Ky N + Ku Pi + Kiz Pe (1) 
Q» = Ko N + Ko Pi + Kee Po 
Q. = KioN Ka Prt Ka Pe 


Here, Koo, Ko:, Koo, ete., are coefficients of induction 
of the conductors for electrostatic charges. 

Since the needle and the quadrant pairs are com- 
pletely enclosed by the case, the algebraic sum of the 
charges must equal zero and therefore, 


Q+4+Q.:+Q. = 0 
From equations (1) and (2), it follows that 
(Koo tK 10+ Ko0+Keo) N+ (KoutKiit+Koit+K.1) Py 
ae (Koo + Kiz + Koo + Kez) Po = 0 
and, since this relation must hold for all values of the 
potentials N, P; and Ps, we have: 


(2) 


Koo + Kio + Koo + Keo = 0 (3) 
Ko “ib Ku a Kor + Ke = 0 (4) 
Koo a Ky. a= Ko. + Ke» = 0 (5) 


Now, assume that the needle is connected to quad- 
rant pair No. 1, and at the same time grounded on the 
ease; and that a positive potential P, is placed on 
quadrant pair No. 2. Then the needle will swing from 
quadrant pair No. 1 into quadrant pair No. 2. As the 
needle moves, some of the coefficients of electrostatic 
induction will change while others will remain constant. 

If we let K’ designate the new values of these coeffi- 
cients we will have, for example, instead of (4), 

Kor’ =i Ku’ ae Koi’ =i og = 0 (6) 
Now, Ke: = Ke’ and K.; = K.' because there is no 
change in the relative positions between the two quad- 
rant pairs or between the case and quadrants No. 1. 
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Therefore 
Koi’ = Ky’ = Kor == Ku 

As the needle swings from quadrant pair No. 1 into 
quadrant pair No. 2, Ko: must decrease, and Maxwell 
assumed that 

Ko.’ = Ku — X 0 (7) 

where X is a constant and 6 the angle through which 
the needle swings. 

It follows from (7Tyethat: 


Ka = Kanes 0 (8) 
In like manner, Maxwell showed that 


Koo’ = Kos +X 0 
Ko’ = Ko. — A 6 


and 
Ko = eo. 
Ke» ae co 
Koo = K 0’ 


It is evident that the increase in the value of one 
coefficient of electrostatic induction, as the needle 
swings, must be balanced by an equal decrea sein the 
corresponding coefficient if equations (3), (4) and (5) 
are to hold. 

The energy that the system possesses after the 
deflection, 6, is given by the relation: 

W’ = 7) Koo’ Ne+h% Ky)’ P?+% Ko" PYs-Koy' N ba 
+ Koo’ N P. + Ki’ Pi Pe (9) 


The change in energy produced by the deflection 
is given by the first differential of (9) with respect to 
the deflection, and keeping in mind the values of the 
coefficients of electrostatic induction we find: 


dW’ 
dé 


The change in energy caused by the deflection is equal 
to the work done in twisting the suspension. If one 
assumes that k is the constant of the suspension per unit 
angle of deflection, one has, ; 


= 14 XPS te X Pe aN Pee XN Pato) 


12 Pr 
k 6 =X (P,— P,) (Nn - ait | 
This is usually written 
P P, 
De =(P,-P)(N-—**** ) aw 


This is Maxwell’s equation for the quadrant electro- 
meter and according to him, D is a constant. 

The deflection of the electrometer depends upon the 
forces of attraction and repulsion between the charges 
on the needle and quadrants and the counter torque 
produced by twisting the suspension. Orlich and 
Schultz® showed that the D in Maxwell’s equation is 
not a constant except for very small deflections and for 
some special electrometers. In most electrometers, 
D varies with the needle potential and the potential 
difference between. the quadrants, and when the 
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electrometer is used as a deflection instrument, this 
variation must be taken into account. 

There are at least two reasons for the variation in D. 
The first is that the directing force changes as the needle 
deflects and, under these circumstances, 


Koi’ # Ky — X 0 
but the function is more complicated and is better 
expressed by 
Ko’ =Kui txcoty? 
The same is true of the electrostatic coefficients of 
induction, Kaya Kae Kee and Kage That the coeffi- 
cient for the needle, Koo, should vary as the needle 
deflects is to be expected when you consider that it is 
practically impossible to get the needle exactly central. 
The second reason for the variation in D is caused by 
the fact that the quadrant electrometer is very sensitive 
to small differences of potential when used in quadrant 
or power connection. Contact differences of potential 
exist between the needle, the case and the quadrants. 
If we let 
po = contact potential difference between needle and 
case 
p, = contact potential difference between quadrant 
No. 1 and case 
contact potential difference between quadrant 
No. 2 and case 
Then 


| 


Pe 


where Vo, V; and V» equal the outside potentials ap- 
plied to the needle, quadrant pair No. 1 and quadrant 
pair No. 2, respectively. 

We shall rewrite the equation (9) for the energy in 
the system and substitute the new values of N, P; 
and P», at the same time substituting 


Ay = Ve Koo’ Bo a 1a pi 
A, cea V6 Ky,’ B, = Koi’ 
Ae ea V6 Koo" B, = Koo’ 


W’=Ao (Votp0)? +A1 (Vitp1)?+A.2 (V2+p2)? 
+Bo (Vitpi) (Votpe)+Bi (Votpo) (Vitp1) 
+B (VotDo) (Veta) (12) 
Expanding the equation (12) for the energy in the 
system and grouping terms, we have 
W’'=A,)V2+Ai V2+A:z V2+Bo Vi V2 
+By Vo VitB2 Vo V2t+B:i Vo VitBe Vo V2 
+(2 po Ao + pi Bi + peo Bo) Vo 
+ (2p: Ai + po Bo + po Bi) Vi 
+ (2 po Aot+p1 Bo+Dpo B.)V2+Ao prtAi pr+A. p2 


+Bo pi P2 + Bi po pi + Bo po po (13) 
Let 
Co = 2p. Act p: Bi + po Be 
Let 
Cy, = 29: Ai + po Bo + po Bi 
Let 


Cy. = 2p. Ae + pi Bo + po Be 
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Let 
H =A) po? + A: pr? + Az po? + Bo pi po +Bi po ~Pi 
+ By Po Pe 

Substitute these values in equation (13) and rewrite 

Ww’ =A, VoetAi V?+A, V?+Bo Vi V.+B, Vo Vi 
+ B.VoV2+C). Vo + C1Vi+C,.V,+H (14) 

The first six terms of equation (14) correspond to 
those in equation (12) and they are independent of the 
contact potentials. The Co, C, and C. terms depend 
upon both the applied and contact potentials and 
terms containing contact potentials only are covered 
by the H term. 

The new torque equation, whose derivation will be 
found in Part III of this paper, is derived on equa- 
tion (14) and is given below: 

6{1 + R(Vo— Vi) (Vo— V2) + S (V2 — V22)] 
= A) Vor? + ai Vi? + ae Vo? + 01 Vo Vi + 2 Vo Ve 
+ ¢) Vo +6, Vi + C2 Ve (18) 

The D of Maxwell’s equation (11) equals the terms 
embraced in the brackets of equation (18) and it is no 
longer a constant, but varies with the potentials applied 
to the needle and quadrants. The right-hand side of 
equation (18) contains four terms corresponding to the 
four terms of Maxwell’s equation (11) and in addition 
to these, it contains an a) V,? term and three terms, 
Co Vo, €: Vi and cz V2, which depend upon the contact 
potentials and are not included in equation (11.) 
Equation (18) is the general equation of the quadrant 
electrometer. This equation will be further simplified 
in the experimental work that follows. 

A study of equation (18) shows that there are two 
- controling forces present in the quadrant electrometer. 
These are the mechanical control produced by the 
torsion of the suspension and the electrostatic control 
caused mainly by lack of symmetry in the instrument. 
The presence of the electrostatic control is indicated by 
the terms embraced in the brackets of equation (18). 
The algekraic sum of these two controling forces 
opposes the deflecting torque set up by the applied 
potentials. By proper adjustment and construction 
the electrostatic control may be made to add to the re- 
storing torque of the suspension, to vanish entirely, or 
to neutralize the suspension torque. This last con- 
dition is used in the Crompton electrometer: to increase 
its sensitivity. In power measurements it is usual to 
reduce the effect of electrostatic control to as low a 
value as possible. 


SETTING UP OF THE ELECTROMETER 


The setting up of the electrometer may be divided 


into four parts: 

1. Leveling. Remove the case and sighting through 
the quadrant slits, level in one direction. Turn through 
ninety degrees and level again. Continue turning and 
leveling until the instrument is perfectly level in all 
directions. 

2. Setting horizontal position of needle. Bring the 
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needle in position so that it is bisected by the quadrant 
slits and adjust its height until as nearly as can be 
determined by the eye, it is midway between the 
quadrants. Replace the case and make the final 
adjustment for the horizontal position. To accom- 
plish this, connect both quadrants to the case and to 
ground and apply a high continuous positive potential 
to the needle. Note the deflection. Then reverse the 
continuous potential, making the needle negative, and 
note the deflection. Adjust the horizontal position 
of the needle with respect to the quadrant slits until 
the two deflections are equal. The needle is then ac- 
curately centered horizontally. 


Fic. 2—CoNNECTIONS FOR ADJUSTING THE HEIGHT OF THE 
ELECTROMETER NEEDLE 


3. Adjust for height. Apply a high continuous 
potential to the needle and a small continuous potential 
between the quadrants as shown in Fig. 2. Adjust the 
height of the needle until the deflection is a minimum. 
The needle is then midway between the quadrant faces. 

4. Adjust so that the mechanical and electrical zeros 


penne 


Fic. 3—CoNNECTIONS FOR BRINGING THE MECHANICAL AND 
ELrectricaL ZEROS INTO COINCIDENCE 


coincide. Connect both quadrants to the case and to 
ground and apply a high continuous or alternating 
potential to the needle. Tilt the instrument by means 
of the leveling screws until the zero position remains 
the same with the voltage either on or off the needle. 
When this adjustment has been properly made, the 
position of maximum electrostatic capacity coincides 
with the natural zero of the instrument, and the 
mechanical and electrical zeros coincide. This ad- 
justment is very important and should be checked when 
ever the instrument is used. 
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The connections used for bringing the mechanical 
and electrical zeros into coincidence is shown in Fig. 3. 
When this adjustment has been made, the a> V.? term 
of equation (18) is eliminated. This may be seen from 
a study of the values of the terms of the right hand 
side of equation (18) 
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relatively low potential and is very small compared 
to Vo, the needle voltage. Under these conditions, it is 
possible to neglect certain of the terms which form the 
left hand side of equation (19) and we may write 

6 [1 +R V.’| = VP+d2 V2+b, Vo Vitb, Vo Vote, Vo 


Value of terms of equation (18) 


Position 
of 


Switch ag Vor +a, Vi? +a2 Vo" +b; Vo Vi 
Up is 0 0 (0) 
Down — 0 0 0 


When this adjustment has been properly made, a = 6 
= (0. Then if we take the sum of the two deflections 
we shall have 
a-+B = 2a. Vo = (0) 
Therefore 
Go = 0 
It does not follow, however, that the cy Vo term also 
equals zero when the mechanical and electrical zeros 
coincide. The constant, ¢o, includes contact poten- 
tials, and when the quadrants are not connected and 
grounded, as in Fig. 3, these may become of importance. 
The constant, a), however, does not depend upon the 
contact potentials, and it may safely be taken as zero 
when the electrometer is adjusted. 
Neglecting the a) V2 term, equation (18) reduces to 
@(1 + R (Vo — Vi) (Vo— V2) + S (Vi — V2)?] 
= 0,V;2+ a2 Vo? + 01 Vo Vi + b2 Vo V2 + Co Vo 


+oVitez,Ve2 (19) 


DETERMINATION OF THE CONSTANTS 


In determining the constants, the quadrant con- 
nection is employed. In this connection, the needle is 


Fie. 4—QUADRANT CONNECTION FOR DETERMINING THE 
ELECTROMETER CONSTANTS 


at a high potential, one quadrant pair is connected to 
the case and grounded and the other is at a low poten- 
tial. The constants may be determined by using 
alternating current* and measuring the power con- 
sumed in a load of known characteristics, but they are 
most readily determined with continuous current. 
The connections are shown in Fig.-4. 

In the diagram of connections, V» is zero, V; is a 


+e.Vi + 2 V3 (20) 

+b2 Vo V2 +e Vo +e Vi +ce V2 |Deflection 
0 + 0 0 =a 
0 - 0 0 = Bp 


In Fig. 4 there are two reversing switches or com- 
mutators marked with the Roman numerals, I and II 
respectively. There are four possible positions of the 
two commutators and the terms forming the right hand 
side of equation (20) have different signs depending 
upon the positions of the commutators. We obtain a 
deflection for each of the four positions of the com- 
mutators. The deflections and the signs or values of 
the corresponding terms are given below: 


Position of 


Commutator Value of Terms Defiection 
I IL ai Vy? +a2V2? +6: Vo Vi +b2 Vo V2 + coVo +1 Vi + ¢2V2=11+4+RVo2l 6 
ieealifet Ss 0 = 0 + = Or= lene ] @ 
ee | Ms = 0 =e 0 = = o=[ “ 16 
== + 0 _ 0 - Biz Ov laeae ly 
[Po a 0 + 0 ote. a 0 =[° “ 1 


The constants are determined from the above 
deflections as follows: 


1+RViA(a-B+y—8) =-4V.Vi (21) 
1+ RV] (@a—-B-y+t+6) = +40Vo (22) 
1+ RkVAl(a+e-— y—56) =—40 Vi (23) 
L+RV](@at+ep+yt+6=+4aVP (24) 


If we take readings of the deflections for two or more 
values of the voltages V) and V, we shall obtain suffi- 
cient data to solve the above equations for the con- 
stants. For example, let a’, 8’, y’ and 6’ equal the 
deflections obtained when V,’ and V,’ are the voltages 
applied to the needle and quadrant 1 respectively. 
Then from equation (21) we obtain 

f1+R V,”| 4V,’ Vj,’ 


Sr ha SS ee ka 


by ee! B’ + yy’! — 6’ (25) 


For applied voltages V,” and V,” we get the deflec- 
tions a”, 8”, y” and 6” for the four positions of the 
commutations respectively, and equation (26) follows: 


[1+ Vo] _ AV)’ V," 

b, ne a’ — g” =. aye 6” 

Here X, and X, are the numerical values of the right 
hand sides of equations (25) and (26) respectively. 


Solving these two simultaneous equations for b; we 
find that, 


=X, (26) 


Vo 1) as VY,” 


Dt a Vee oo es Va 


(27) 
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and substituting the value of 6, in equation (25) we 
obtain, 


b,X,-—1 


In a similar manner, we can obtain the other con- 
stants from equations (22), (23) and (24). 

It is evident from the symmetrical construction of the 
electrometer that 


Ag = — A 
bi = — by 
Cr = — €9 


We may also prove that: : 
a= 4% by 


(33) 
Ci a % by 


The mathematical proof of equation (33) is given 
in the mathematical part of this paper and the con- 
firming experimental data will be found in the experi- 
mental part. 


Load 


{ Supply J 
Transformer 


Fig. 5—Connections ror Measuring Power with Fu 


VOLTAGE ON NEEDLE 


If we substitute these values of the constants in 
equation (19) it becomes, 


(1+R (Vo—Vi) (Vo—V2) + S V2—V.2)] 6 

by 
Ta ihe 
+ ¢,Vit C2 Ve (34) 
If the quadrant electrometer is to be used in measur- 
ing power in a-c. circuits, it is only necessary to 


know the constants R and 6;. The other constants 
may either be reduced to zero or made negligible. 


b 
V?e+ ra V2+b, Vo Vi-bi1 Vo Vatco Vo 


POWER MEASUREMENT 


The quadrant connection is the one employed in 
measuring power in a-c. circuits. The quadrant 
electrometer may be connected so that there is either 
full voltage on the needle or only a fraction of the full 
voltage. A diagram of the connections for full 
voltage on the needle is shown in Fig. 5. The effective 
voltage across the load is V and the effective value of 
the load current is J. R, is a non-inductive capacity 
free resistance. Only one commutator is used. 
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We shall assume that the instantaneous value of the 
voltage and current are designated by v and 7 respect- 
ively and that # is the phase angle between them. 
Then 


v= V2 Vsin wt 
7=~/f/2TIsin(wt+ ®) 


When a quadrant electrometer is supplied with 
alternating current, the needle potential V», and the 
quadrant potentials, V; and V2, are the instantaneous 
values of the applied voltages. The electrometer 
reads the integral of these voltages over a complete 
period 7. 

For example: 


Ga 
aV2= pe S2P RY sin’ (wt + ®) EW heed ait te 
0 


Ye Ce 
6 Vo = p S v2Vosin wi = 0 
0 


It follows, from the above, that the ¢, c, and ¢. 
terms will all equal zero when the electrometer is used 
to measure power in a-c. circuits. 

On alternating power measurements, V,; and V2, the 
quadrant potentials, are small compared to Vo, the 
needle potential and we may therefore neglect the S 
term, and as the ¢o, ¢; and c, terms are equal to zero, 
we can write equation (19) 


tikaae nth 
ae tees 


[1+R V7] 6 =— Ve 


+ 6: Vo Vi— 61 Vo V2 (35) 


We shall apply this equation to the measurement of 
the power consumed by the load of Fig. 5, bearing in 
mind the fact that V, is the instantaneous value of the 
potential from the needle to ground, and that V, and 
V; are the values of the instantaneous potentials from 
quadrant pairs No. 1 and No. 2 to ground respectively. 

In Fig. 5, we see that, 


V5 = v+7R, 
V.=27R,or0 
WA => Qor?z Ry 


The values of V; and V; depend upon the position 
of the commutator. 

The integral of the 6; Vo V; term over a complete 
period is as follows: 

Us aes : 3 
pt Vo Ve = raced (vo+e R,) (2 R,) 
5 a) 

= by (Rif V cos ® + I? R,?) 

There are two positions of the commutator and the 
value and signs of terms of equation (35) are given 
below. ‘The circuit conditions and the applied voltage 
must remain constant while the deflectionsare measured. 
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VALUE OF TERMS 


by by 
Position of = ne Vi? ae V2 +8; Vo Vi —b, Vo V2 
Commutator Defiection 
l| 0 +—/ R? 0 —b\(Ri I Veos ® + 7” R;”) = [1+ RVo| @ 
by 
= na wae R? 0 +bi(Ri I Veos® +7? R,”) =[1+RV0?] 86 


Taking the algebraic sum of these deflections, we get 
(1+ R V,?] (8 — a) 3 
= —b,2?R2+ 2b; (R,I V cos ® + I? R,?) (36) 
The needle voltage, Vo, is equal to the vector sum of 
the load voltage, V, plus the droo across the non-induct- 
ive resistance R,. Since the drop is very small com- 
pared to the load voltage we may assume that V, 
on the left hand side of equation (36) is equal to V. 
Rewriting equation (38) and combining like terms 
we obtain 


[1+ R V?] (B-— a) I? Rk, 
2b, R, =IVcos@ + 5 


(37) 


It is evident from equation (37) that the quadrant 
electrometer, with full voltage on the needle, measures 


Transformer 
Load 


Fi 


Fic. 6—MEASUREMENT OF PowER witH Less THAN Fuuy Lina 
VOLTAGE ON NEEDLE 


the power consumed by the load, plus one-half the 
power lost in the resistance, R:. 
The power consumed by the load is 


W+RV4 4 ed 
Si Rt as ees 


IV cos? = (38) 

Equation (37) holds for all values of power factor, 
both leading and lagging. The only constants in- 
volved are 6, and R which may be determined as 
already outlined. 

If R has a negligible value or if readings are taken 
on a number of loads at a constant voltage V, then 
the expression 


De V2 
2 bi 


where K is a constant. 


The deflections a and 6 for the two positions of the 
commutators are right and left deflections respectively 


and the resulting deflection (g— a) is usually written 
equal to 6. Equation (37) may then be written as 
follows: 


LS RE Ly ie tie 
Fi oe cos ® + 5) 


(39) 


If the quadrant electrometer is used to measure power 
with less than full voltage on the needle, the diagram 
of connections are given in Fig. 6 is applicable. Here 
V, I and R, have the same meanings as in Fig. 5. In 


R; I 


Fig. 7—ConpENSER C,; FoRMED BY THE HLECTROMETER 
QUADRANTS 


this case the needle voltage equals the vector sum of 
the load voltage, V, plus the J R,; drop divided by 1, 
where vn is the factor by which the voltage across the 


Phase of I 


Fie. 8—Vector DiaGRamM oF THE CrircuITt SHOWN IN Fic. 5 
FOR A CONDENSER LOAD 


needle must be multiplied to give the total voltage of 
the circuit. 
The instantaneous value of the voltage across the 
needle is 
v 4+ aR 
n 
There are two positions of the commutator and the 


value and signs of the terms of equation (35) for reduced 
voltage on the needle are given as follows: 
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VALUE OF TERMS 


ee b by 
Position of SaCoR Ca Fie a +b: Vo Vi —bi Vo V2 
Commutator Deflection 
by RI Veos@+/? R? 
I 0 ee 0 a ce = [I+ RVo] a 
Bi i Ril Veos®+2 RZ =[+RVW16 
a ee ee 0 +b te ae 0 


Taking the algebraic sum of these two deflections, 
we obtain, 


[1+ RV,?] 0 
R,IV cos ® ON ae 
==), 2 R242 Ne erehe b, — (40) 
(1+ RV,?] 0 
Z by 2-—n 
= Ri (IV cos@ +—>~ FR, ) (41) 
n 2 
as stated above, the needle voltage is equal to 
Veet lee 
aie te - 
In practise, J 2, is very small compared with V. It is 


usually less than one per cent of the load voltage and for 
practical purposes we may write 


We obtain, when we make this substitution in 
equation (41), 


pate rere): 


2 b, pe! 


2-7 
=IVcos®+ 3 Jk diss (42) 

If n equals one, equation (42) reduces to equation 
(37), which is the power equation for full voltage on the 
needle of the quadrant electrometer. A further study 
of equation (42) shows that if 7 is equal to two, the 
last term of the equation vanishes; if ” is greater, the 
last term becomes negative. 
of power factor. These deductions are verified by 
experiments reported in the experimental part of the 
paper. 

In special cases, equation (42) may be written 

Kné 2-—n 
Ri 2 

Equation (43), however, holds only for the conditions 
where R is negligible or where readings are taken with a 
constant voltage applied to the needle. 

Equation (35) gives the simplified form of the quad- 
rant electrometer power relations. In this equation 


6 equals the algebraic sum of the two deflections a and 
8 for the two positions of the commutator. The cir- 


=IVcos®+ PR; (43) 


This is true at all values - 


cuit conditions and the applied voltage are assumed to 
remain constant while these readings are being taken. 
Under these conditions we noted that 
Ve= I R, or 0 
and 
: Ws = 0 or if Iie 
Therefore, if we determine the signs and the values of 
the terms of equation (35) for the two commutator 
positions and take their algebraic sum, we may write 
fl+RV?] 6 = 26,V.Vi- iV (44) 
This equation is a simplified form of equation (35). 
If we substitute in equation (44), the values of the 
needle voltage to ground, Vo, and the drop across the 
resistances, V;, expressed in the form of their vector 
relations, we obtain exactly the same result as was 
found by the method used in determining equations 
(37) and (41). An example of this method is given in 
the paragraphs devoted to the question of errors. 
ERRORS 


The sources of error in the measurement of power 
with the quadrant electrometer have already been ably 
discussed in an Institute paper’. Therefore only a 
single case, illustrating the applications of equation 
(44), will be considered in this paper. 

If we study the diagrams of connections in Fig. 5 
and 6, we see that the electrostatic capacity between 
the quadrants pairs, No. 1 and No. 2, and their leads 
is in parallel with the non-inductive resistance R. 
The drop across R, and this condenser in parallel with 
it will not be in phase with J as assumed. Let C, 
equal the capacity of this condenser in farads. Then 
if H, equals the voltage across the quadrants we find 
that 


IR, Aa—j wR) 
il + ww? CYR? 


The vector diagram of the electrometer, with full 
voltage across the needle and a capacity load in the 
circuit, is shown in Fig. 8. In Fig. 8 A B = V, the 
voltage across the load; B D = E'q, the voltage drop 
across R,; and C, in parallel, and A D = Vo, the voltage 
across the needle. A D is also the vector sum of V 
and E q. 

With J as the reference vector, the vector equations 
are as follows: 

V =Vcosé—jsin® 
J R 1 ? I (6) Ci R 
1+ eCeRe 7 14-0 CeR? 


Eq = (45) 


Ler 
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2 : een IR, s 
V, = Veos@—jVsin& + Tee at Care 


laC,R? 
14+ wCyYR? 

Substitute the vector relations of V,) and V; in 
equation (44) and take the power product and simplify 
ad+RV?) (1 + oC? R,’) 
26, Rk, 


6 


=IV ee 
=e cosé + 4 (+ wCeR2 


1 (oC, RB) V si Pe epi OGRE ony 
oh (w it 1) sin@ + 1 wC2R2 ( ) 

The capacity C, is, however, very smalland at com- 
mercial frequencies w?6C,? R,is negligible. Therefore, 
we may write 


(her ae) 


IR 
ob R, 6=IV cosé+—— +1 (w C, R,) V sin @ 


(47) 
Equation (47) is the same as that derived by Messrs. 
Simons and Brown’ using a different method. 


Other sources of error are the charging current flow- 
ing from the needle to the high quadrant and through 
the shunt resistance f,, the phase shift of the needle 
voltage introduced by the use of a potential divider, 
the phase shift due to the resistance of the needle 
suspension, and any energy loss that may be present 
in the electrometer itself. 


I]—EXPERIMENTAL 


Determination of the Constants 6b; and R. The 
constants, b; and R, are best determined with contin- 
uous potentials, although they may be determined 
with alternating potentials. 


The diagram of connections is given in Fig. 4. The 
voltage applied to the needle could be varied through a 
range of from about 50 to 600 volts. It was measured 
with a Weston laboratory standard voltmeter. The 
. voltage applied to the quadrants was varied from 2 to 
15 volts and was measured with a Siemens and Halske 
instrument. 

The quadrant electrometer was set up, leveled, and 
carefully adjusted, with about 600 volts on its needle, 
until its electrical and mechanical zeros coincided. 
Then readings of the deflections for the different 
positions of the two commutators were taken for 
various values of Vj and V;. Four readings were taken 
for each set of voltages, which were maintained con- 
stant while the deflections were noted. In taking a 
set of readings it is best to commutate in a regular 
manner and read at regular intervals after commutating. 

The electrometer used was one constructed in the 
electrical laboratories of the Johns Hopkins Uni- 
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versity. The quadrants were of aluminum. The in- 
side diameter of the cylindrical box from which they 
were cut was 15.24 em. and its height was 3.81 cm. 
The needle was also of aluminum, and the length of its 
phosphor bronze suspension was approximately 20 
em. The quadrant pairs and the needle were insulated 
by special bakelite supports. 

The readings upon which the calculations of the 
constant 6, and R are based are given in Table I. 


TABLE I 


Position of cm. 
Commutator 
No. I No. II cm. 


Vo Vi 
Volts 


—- 3.6=a 
+3.35 =B 
—-3.6 =y7 
+3.35 =6 


100 5 H 


oil 


=13:.9 +143.9 


100 10 i -— 7.35 


No 


—27.74 +144.1 


—41.9 +143 .2 


—37.8 +142.5 


270 10 |! 


(Sheet 
11. 
| 
= 
ee. 
a 


+143.5 


or 
8 
to 
-+ 
J 
a ‘ 
oO 


| 
i ll 


—29.27 +136.6 


—72.85 +137 .4 


The first three sets of readings were taken with V> 
equal to 100 volts and they give an average X, of 
143.73. The next two sets of readings are for Vo 
equal to 270 volts, and X. equals 143.0. The last 
two sets of readings were at 500 volts and X; average 
equals 137.0. 

Calculating 6, from these results in accordance with 
equation (27) we get an average b, of 

b, = + 0.00695 — 
calculating R from equation (28) gives 
R=— 1.95 107 

Determination of the Constant a,. In order to check 
equation (24) 

1l+RVel@te+y+5) =+4aVi? (24) 
an attempt was made to determine a; by this connec- 
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tion. Since a, depends upon the value of the quadrant 
voltage, Vi was made equal to V, in this test. The 
results are given in Table II. 
TABLE II 
Position of 
Commutator Vo Vi @=a+B+y7+6 
No. I No. II Volts Volts em cm. 

I] II 25 25 —6.6 =a 

F II +2.35 =B 

= = —6.6 = 

I] = +2.35 =6 — 8.5 

l| I 40 40 —17.25 

z If + 5.65 

- = =eans 

I] = + 5.65 —23.25 


The calculation of a, from the results in Table II and 
in accordance to equation (24) gave 


a = + 0.00351 


According to the theory a, has half the value and a 
sign opposite to that of 6, and it is clear that this test 
gives a fair check of the theoretical calculation. This 
method is, however, not suited for the determination 
of ai, because in order to get readings of. sufficient 
difference to make it possible to calculate a, with any 
degree of accuracy we must make the quadrant volt- 
age large compared to the needle voltage. This is 
not in accordance with the theory of the quadrant 
connection which presupposes a high needle voltage 
and a low quadrant voltage. 

A better way to prove that a, has half the value of 
b; is to use the two idiostatic connections A and B of 
the electrometer which are shown in Fig. 12. 


The readings for connections A and B are given in © 


Table III for an applied voltage of 44.5 voltsin each case. 


TABLE III 
‘ Connection A Connection @ 
Position of Commutators Deflections Deflections 
Til II cm. cm. 
II II +6.6 +6.6 
= {I +6.6 +6.6 
= = —6.1 —6.1 
II | = —6.1 -—6.1 


Exactly the same deflections were found for both 
connections A and B and they were in the same direc- 


tions. Therefore equation (33), whose proof is given 
in the mathematical part of the paper is true. 
a2 = obi (33) 
a, =— % b; 


Proof of the Power Equation with Full Voltage on 
Needle. Equation (37) states that the deflection of a 
quadrant electrometer is proportional to the power 
consumed in the load plus one-half the power loss in the 
shunt resistance R, at any value of the power factor. 
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In order to check this relation the quadrant electrom- 
eter was connected up as in Fig. 9, and three loads 
were used in turn. The first load was a non-inductive 
resistance Ry. The second load consisted of an induct- 
ance, L, and the third, of a mica condenser, C. 

The test at unity power-factor load will be considered 
first. In this test, the secondary voltage of the trans- 


Transformer 


Fig. 9—Quaprant ExucrromeTer with Fut VouTaGE on 
NEEDLE AND DirrERENT Loaps 


former was maintained constant at 100 volts and 60 
cycles. Readings of the deflections were taken with 
three values of R,, namely, 100, 2000, and 7000 ohms 
respectively. The value of the load resistance, Ro, was 
adjusted for each value of R; so that the power loss in 
R, was maintained constant at 0.32 watts. 

The constant of the electrometer with 100 volts 
applied to the needle is 


1+ RV? (1 — 1.95. 10-7 x,.1002) 


K= 2b, Ss 2 <x 0.00695 


The results of the unity power factor test are given 
in Table IV. 


= 71.8 


TABLE IV 

Electrometer IP Ro+ 
PR, 

IE Vas) Ke 2 
I P Ro 9 Ri Watts 
Ro Ri Milli- |. Load 6 calcu- 
Ohms | Ohms |Ampere] Watts Watts cm Watts lated 
‘29250 1000 3.3L 0.32 0.006 4.5 0.324 0.326 
27125 2000 3.44 0.32 0.013 9.45 0.339 0.333 
13650 7000 4.83 0.32 0.082 39.6 0.406 0.402 


In Table IV, the current, J, is calculated from the 
known constants of the circuit. The watts consumed in 
the load, J?Ro, and one-half the loss in the shunt re- 
sistance R, are also calculated, as are the values given in 
the last column. 

A comparison of the watts registered by the electrom- 
eter for the different values of R, and the watts cal- 
culated, as given in the last column of Table IV, shows a 
fairly close agreement. A comparison of the last two 
columns of Table IV shows conclusively that at unity 
power factor equation (37) holds and the instruments 
read the watts lost in the load plus one-half the loss in 
the resistance shunting the quadrants. 

The inductive load, lagging power factor test followed 
the resistance test. The inductance used as the load 
consisted of an air cored copper coil with a resistance of 
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1650 ohms and a coefficient of self-induction of 7.73 
Henrys. Ata frequency of 60 cycles the reactance 
was 2915 ohms. Readings were taken at two values 
of R, and the applied voltage was adjusted so as to 
maintain the current constant and thus keep the load 
at a uniform amount. 

The voltages used were 55 and 46.5 volts respectively, 
and at this value of the voltage the constant of the 
electrometer = 72. 

The results are given in Table V. 
power factor was 56.6 per cent lagging. 


In this test the 


TABLE V 
Electrometer Load 
PR 
é F 2 

Circuit PR, Ke 
Impe- v6 ae =a Watts 
Ry dance | Milli- | Load ; Calcu- 
Voltage} Ohms | Ohms | amp. | Watts; Watts} cm. Watts lated 
46.5 | 1000 4664 1.178| 0.23 |0.069| 4.1 0.296 0.299 
55.0 | 2000 3940 1.178! 0.23 | 0.138" 10.2 0.367 0.368 


A comparison of the watts as measured by the 
quadrant electrometer with the calculated watts shows 
a good agreement. A study of the last two columns 
of Table V shows conclusively that, at a lagging power 
factor of 56.6 per cent, the electrometer reads the power 
consumed by the load plus one-half the power lost in the 
shunt resistance. 

The capacity load test was made with a standard 
mica condenser whose capacity was 1/10 of a micro- 
farad. The frequency used was 60 cycles. . Readings 
were taken at three values of the shunt resistance R, 
and the applied voltage was varied between the limits of 
396 and 400 volts so as to maintain the current through 
the circuit and the load constant. At 400 volts the 
constant of the electrometer is 69.7. The results are 
given in Table VI. ) 


TABLE VI 
Electrometer 

Load 
Circuit PR, Ko PR 

Impe- I Pane + 
Ri | dance | Mili-| Load | ? 6 Ri a 
Voltage] Ohms} Ohms /|amp. | Watts} Watts}! cm. Watts Watts 
396 1000 | 26520 4.9 | 0.027} 0.111]. 1.95} 0.136 0.138 
398 2000 26570 | 14.9 |0.027| 0.222} 7.15] 0.249.) :0.249 
400 4000 26800 14.9 |0.027| 0.444! 27.10] 0.472 0.471 


The watts consumed by the load are determined by 
subtracting from the watts measured by the electro- 
meter one half of the loss in the shunt resistance R:. 
Another method of determining the watts load is to 
plot the watts measured by the electrometer as or- 
dinates against the values of the shunt resistance R, 
as abcissas.. These points should lie on a straight line, 
as shown in Fig. 10. If this line is extended to the 
ordinate axis it will cut that axis at a value equal to 
watts lost in the load. From Fig. 10 we see that the 
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load loss is equal to 0.027 watts. The power factor of 
the condenser load used in this test is 0.47 per cent. 

A comparison of the results given in the last two col- 
umns of Table VI show clearly that the quadrant elec- 
trometer with full voltage on the needle reads the loss in 
the load plus one-half the loss in the shunt resistance FR}. 
The curve plotted from the results in Fig. 10 also con- 
firms this conclusion. 


oO 1.000 2,000 3,000 


Ry — OHMS 


4,000 


Fig. 10—Curve SHowInG THE RELATION BETWEEN WATTS 
MEASURED BY THE ELECTROMETER AND THE SHUNT RESISTANCE 
R, with Fut, VOLTAGE ON THE NEEDLE. PLOTTED FROM THE 
Resutts or Taste VI 


The results of these three tests prove conclusively the 
correctness of equation (37), namely, that the quadrant 
electrometer with full voltage on the needle reads the 
power consumed by the load plus one-half the loss in 
the shunt resistance, irrespective of the value of the 
power factor. 

Proof of the Power Equation with Reduced Voltage 
on the Needle. Equation (42) applies to this type of 


measurement. 
V 2 
[ 1+R(—- ) ] 
een eT Ramee ed ke 
2b; R, 
2-—n 
= IVcos® + 5 I? R, 


(42) 

The sign of the last term, or correction term, depends 
upon the value of n. If 2 is equal to two, the term van- 
ishes. If nis greater than two, the term becomes nega- 
tive. In order to check this relation, readings were 
taken at unity power factor load for n equal to three 
different values. The connections used are those given 
in Fig. 6. 

The first test was run with n equal to two and the 
voltage of the transformer was 160 volts at 60 cycles. 
The voltage applied to the electrometer needle was one- 
half of the transformer voltage and equaled 80 volts. _ 
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The constant of the electrometer for this needle voltage 
was 71.9. 

Readings were taken at three values of the shunt 
resistance, and the load which consisted of a non- 
inductive resistance was maintained constant. The 
results are given in Table VII. . 


TABLE VII 

Electrometer 
Te 

fe I? Ro R 

Ro Ri Milli- Load 6 " 
Ohms Ohms amp. Watts cm. Watts 
29250 1000 5.29 0.825 5.75 0.826 
27125 2000 5.49 0.825 135 0.826 
20000 5000 6.4 0.82 28.7 0.825 


It is apparent from the results given in Table VII 
that when equals two, the quadrant electrometer 
reads directly the power consumed in the load, and the 
correction term vanishes. 

The second unity power-factor test was made with 
one-third of the transformer voltage applied to the 
needle, that is, m equaled three. The transformer 
voltage in this test was 240 volts at 60 cycles and this 
gave a needle voltage of 80, the same as used in the run 
with » equal to two. The electrometer constant 
equaled 71.9 in this test also. 

For the value of n equal to three, the correction of 
equation (42) becomes negative and equals 


12 
2 


The results of this test are given in Table VIII. 
Readings were taken for three different values of shunt 
resistance R,. 


TABLE VIII 
Electrometer P Ro 
Se Tet 
I Ri nK 06 2 

I FP Ro ata R Watts 

Ro R, | Milli- | Load 6 a Calcu- 
Ohms } Ohms | amp. Watts Watts cm. Watts lated 
29250 1000 7.93 1.84 0.032 8.45 1.82 1.81 
27125 2000 8.24 1.84 0.068 16.2 1.75 NGG 
13650 7000 11.62 1.84 0.473 44.2 1.36 tot 


It is evident from the results given in Table VIII that 
when 1 is equal to three the correction term becomes 
negative. The check between the calculated watts and 
the watts as measured by the electrometer is good. 

The third unity power-factor test was made with n 
equal to four. Under this condition equation (42) 


becomes 
Vv 
uf +R(—-) | % 
Beak eed R. 6=IVcos@—LR, 
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Readings were taken for three conditions. In the 
first, the loss in the shunt resistance was less than the 
load. In the second, the loss in the load and the 
loss in the shunt resistance were equal, and in the third, 
the loss in the shunt resistance was greater than the 
loss in the load. This last condition should give a 
negative deflection of the electrometer. 

The voltage of the transformer was 400 volts at 60 
cycles. This gives, with n equal to four, a needle 
voltage of 50 volts and an electrometer constant of 72. 
The results are given in Table IX, which is divided into 
two parts. Part I gives the calculated watts and Part 
2 gives the electrometer readings. 


TABLE IX 
Part I 
I I? Ro P Ro-F R; 
Ro Ri Milli- Load I? Ri Watts 
Ohms Ohms Amp. Watts Watts Calculated 
15000 10000 8. 0.96 0.64 +0.32 
10000 10000 10. 1.0 1.0 0 
10000 15000 8. 0.64 0.96 —0.32 
Part IJ 
Electrometer 
nkK@ 
Position R 
Ro Ri of Com- | Readings | Deflection i 
Ohms Ohms mutator cm. . cm. Watts 
15000 10000 lI +6.2 +11.5 +0.33 
= —5.3 
10000 10000 lI —0.7 
= -—0.7 0 0 
10000 15000 {| —7.15 ‘ 
j = +9.1 —16.25 —0.312 


A study of Table IX shows that the electrometer 


reading reversed and became negative when the loss in 


the shunt resistance was greater than the load loss as 
predicted. A comparison of Parts I and II shows 
clearly that the experimental results check the theory. 


The experimental results of Tables VII, VIII, and IX 
definitely prove that the sign of the correction term of 
equation (42) depends upon the value of nm and not 
upon the value of the power factor. | 

In order to prove that equation (42) holds at low 
power factor, a set of results is given in Table X that 
were taken on another electrometer which was con- 
venient. The load consisted of a high-voltage conden- 
ser of about 0.02 microfarads capacity. The voltage 
applied was 7500 volts at 60 cycles. The value of n 
was six and the electrometer constant was 83.5. The 
current was measured by another electrometer which 
was used as a voltmeter. 


For » equal to six, the correction term becomes 
= 2 yi 2 R Je 


772 KOUWENHOVEN: THE QUADRANT ELECTROMETER Transactions A. I. E. E. 
TABLE X If we study the electrometer, we see that Bo, the 
Electrometer coefficient of electrostatic induction between quadrant 
ei ae pairs 1 and 2 will not change with the deflection be- 
I ak Watts cause the quadrants are fixed in position and the 
Ri Milli- Load | 2/7? Ri 6 : Calcu- fi eh dle d t int t li f f 

Ohms ampere | Watts | Watts em. Watts lated mo rer QO € needle does not intercep — aS 
rae. ; ree ee passing between them. The terms covered by H are 
p nd . 26 3 if & i 0 s s $ S 
4000 en gee a eee aoe ee a ae also independent of the deflection if the instrument is 
eh mle ee ee a properly set up as explained in the body of the paper. 

< . 264 354 -1. —0. —0. B ¥ . 
He ie eb Rae, See een eecee In order to determine the torque, differentiate equa- 


The watts measured by the electrometer are plotted 
against R, in Fig. 11. The readings lie on a straight 
line and the intercept of this line on the Y axis gives a 
loss in the condenser under test of 0.264 watts. A 
comparison of the last two columns of Table X shows an 


° 2.000 10.000 


4.000 
Ry — OHMS 


6,000 8.000 


Fic. 11—Curve SHOWING THE RELATION BETWEEN WATTS 
MEASURED BY THE ELECTROMETER AND THE SHUNT RESISTANCE 
R; wits n = 6. Puiorrep FROM THE ReEsuLtTs or TABLE X 


excellent agreement between the watts as measured by 
the electrometer and the calculated watts. The power 
factor of the load used in this test was 0.75 per cent. 
The results in Table X also show that the electrometer 
deflection changed to negative when the loss 2 I, Rh, 
became greater than the load. 

The results of this test prove that equation (42) holds 
at low power factor. 

The experimental results prove conclusively that 
equations (37) and (42) are derived correctly and that 
they are applicable at all values of power factor. 


III]. MATHEMATICAL 
Derivation of the torque equation: 
We assume that 


Ao = Go” + a) 6 + ao’ 8? 
A; = aye + ay 7] + a4 62 
As = Melt + 2 0 + A,’ G2 
B, = bg + by 0 + by’ 62 
B, —— bo!’ + bs 0 + b.’ G2 
Co = Co!’ +0 8 + Co’ & 
Ci = cg" + ¢1 7] + re 02 
= C2!’ + C2 6 + C”’ & 


tion (14) with respect to the deflection, and we get 
dw’ 

db 
+ ¢)Vo + €:1 Vi + C2 V2 + 6 (2 Go’ Vo? + 2 a1’ Vi? 


= A) Vor? +01 Vi? + Ge Vo? + b1 Vo Vit bo Vo Vo 


+ 2a.’ V2 + 20s" Vea ++ 205" Vig Vow -b 2iGeaV 
oe 2 Oe VV; -t- We (Op V2) (15) 
Substifuling thewatne of ne ee et 


dé 


(F) (€ — PGi Vo — 2 hal VY — 2 Os’ V2 —2 by’ Via Vi 
—2 bs’ Vio Ve —2 (er Vz —2 Cy Vi-2 Gon V2) = ho Vor 
+a:V2 + a2 Vo? + 01 Vo Vi + b2 Vo V2 + Co Vo 
+ ¢ Vi oa Co Vo (16) 
A study of the symmetry shows that a,’ = — a,’ and 

that b,’ = — bs’. We also see that the co’, c;’ and c.’ 

terms, which include the small contact potentials, 

depend upon only the first power of the applied voltages 
and therefore they may be neglected. 
Rewriting equation (16) we get 


Fig. 12—Iprostatic CONNECTIONS 


6 ([e — {2a/V.? + 2a,’ (V2 — V2) + 2b: Vo 
(Vi— V2)}] 
= a) Vo? + a1 Vi? + Ge Vo? + 01 Vo Vi + 02 Vo Veo 
+ ¢o Vo + €1 Vi + C2 Vo. (17) 
Experimental results show that the torque equation 
(17) may be written in a more useful form; namely 
6 [1 +R (WV, — Vi) (Vo — Ve) + S (V2 — V;2?)] 
=a@VotaV? 
+ d2V2 + 01VoVi + b2 Vo V2 + CoVo + 1 Vi 
+ Ce V2 (18) 
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Proof that a2 — a, = b;: 

In order to prove this relation the connections shown 
in Fig. 12 are used. These connections are known as 
the idiostatic connections and are also used where the 
electrometer is used as a voltmeter. 

There are two possible arrangements of the connec- 
tions which are shown in Figs. 124 and B. In con- 
nection A the needle and either quadrant, 1 or 2, are 

_grounded and in connection B the needle is not grounded 
but quadrants 1 or 2 are grounded depending upon the 
position of the commutators. 

For connection A, Vo, the needle potential is zero 
and equation (19) reduces to 
Gait WV at Vo V2)*} 

= 0, V,? + a2 Vo? + 61 Vi + C2 Ve 
because all of the terms containing V will be zero. 

We get a deflection for each of the four positions of 
the commutators and the signs of the terms of equa- 
tion (29) are given below 


(29) 


Position of 

Commutator Values of the Terms Defiection 
II TI a V2 + a V2 ee Ser Va 1-0 eo Vo 

i lt ) + ) - = 4 toa 
= || ) +b ) + = i t B 
= = ae (0) + 0 = { Hy 
\| = = 0: = 0 = 4 b 6 


Taking the algebraic sum of these deflections as 
follows, we get 
{1+RV,V2+S(Vi-V2)?} =M 
{ M }(@+B8— y— 69) = 2 (a@2.— a) V? (30) 
In connection B, Fig. 12, equation (19) holds and 
contains all of its terms. Here we see that, depending 
upon the positions of the commutators, 
Vee = Vion 9p =iVe=- V 
V, = V or zero and V2 = V or zero 
The deflections for each of the four commutator 
positions and the signs of the terms are as follows: 


Position of 


Commutator Values of the Terms Deflection 
TILT IL ay Vi? +42 Vo? +41 Vo Vi +52 Vo V2 +¢0 Vo + Ci Vi +02 V: a 

Neate ate 0 si 0 ap a =[_ Mle 
ae fe ge 0 a 0 - = é =( M18 
aire 0 ans 0 So de () oe ei Ney, 

| = 0 ate 0) + — 0 == Fey lid 


Taking the algebraic sum of these deflections as 
follows, we obtain 
[M] (a +B-— y —54) = 2 (a1 — a2) V? +2 (b,— by) V? 
(31) 
If the same voltage is used in connections A and 
B of Fig. 12, then both will give equal deflections in the 
same directions. That the deflections will be in the 
same directions may be seen from a study of the con- 
nections. 
mutators vertical; then the needle and quadrant 
pair No. 1 will be grounded and therefore at same 
potential and quadrant pair No. 2 will be negative and 
the needle will swing into quadrant pair No. 2. In 
connection B, with both commutators vertical, the 
needle and quadrant pair No. 1 are again connected 


lees ngs 


Consider connection A with both com-— 
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together, and therefore at the same potential which in 
this case is positive. Quadrant pair No. 2 will be 
grounded, and the needle will again swing into quadrant 
pair No. 2. Since the same voltage is used in both A 
and B connections, the deflections will be equal. 

Experiments show that the two connections give 
equal deflections and also that they are in the same 
direction. Therefore it follows that the right hand 
sides of equations (30) and (31) must be equal, and 
we have 


2 (a2 — (11) V2 = 2 (a; — 2) V2 + 2 (6, — be) y2 
Solving, we find that 
2 (a2 — (1) — b; — bo 


(32) 


or 
tas Oe ¥g (6, — bs) 

Owing to the symmetrical construction of the 
electrometer 

b, = — b, and a, = — a 

Therefore 

a. = Ybi (33) 
ora —\ by 
CONCLUSION 

In order to use the quadrant electrometer for the 
measurement of power, it is necessary only to deter- 
mine two constants, namely 6, and R. This may be 
done with continuous current. In some instruments, 
FR has a negligible or zero value. 

The quadrant electrometer may be used in measuring 
a-c. power with either full or a fraction of the full 
voltage applied to its needle. In the case where full 
voltage is used on the needle, equation (37) holds. 


1 + RV 9 
2b, le: 


In cases where a fractional part of the full voltage is 
applied to the needle, equation (42) holds 


I? R, : 
= IVcos® + ee (37) 


2-—n 
=IVecos® + I? R, 


2b, ieee 
(42) 
These equations hold for all values of the power factor 
both lagging and leading. 
The general power equation of the quadrant electrom- 
eter for a-c. circuits is given by equation (44). 


[1+ 8 Vo Ve 
pb lO eb) oid 
203 uy ges 2 


Here V, is the voltage applied to the needle and V, 
is the voltage applied to the quadrant pairs. In using 
this equation both are to be expressed in their vector 
form. By means of equation (44) it is a simple matter 
to determine what the instrument will read under any 
conditions in an a-c. circuit. 

The experimental data presented amply UNS the 
theory given in this paper. 

The author wishes to thank Mr. W. W. Hill and 


(44) 
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Mr. G. A. Irland for their assistance in the experimental 
work. 


List of References 


1. Simons: Bibliography for Dielectrics, TRANSACTIONS 
A. I. E. E., Vol. 41, p. 601, 1922. 

2. Maxwell: Electricity and Magnetism, Vol. 1, 3d edition, 
Clarendon Press p. 336. 

3. Zeitschrift fur Instrumenten Kunde, Vol. 23, p. 97, 1903. 
Zeitschrift fur Instrumenten Kunde, Vol. 26, p. 147, 1906. 
Zeitschrift fur Instrumenten Kunde, Vol. 28, p. 61, 1908. 
Zeitichrift fur Instrumenten Kunde, Vol. 29, p. 33, 1909. 
Zeitschrift fur Instrumenten Kunde, Vol. 33, p. 97, 1913. 

4.. Walker: Transactions A. I. HE. H., Vol. 19, p. 1035, 1902. 
Skinner: Transactions A. I. E. K., Vol. 19, p. 1042, 1902. 
Rayner: Journal, Institute of Electrical Engineers, p. 319, 

1914. 
Whitehead: A. I. E. E. Paper on Gaseous Ionization in 
Built Up Insulation, presented June, 1923. 
5. Simons and Brown: A. I. HE. E. Paper on Llectrometers for 
Measurement of Dielectric Loss, presented February, 1924. 


Discussion 


J. B. Whitehead: Those of us who have had occasion to 
measure small values of dielectric loss with the quadrant electrom- 
eter instrument, know of the apparent facility and convenience 
of thatinstrument. I say “‘apparent’’ because we also know that 
we soon run into many entirely unexpected and apparently in- 
explicable phenomena in connection with the instrument. In 
the literature we find a great deal on the instrument and think 
we will be able to clear up our difficulties. As we go on, however, 
we find that the points of view of the several people who have 
written on the quadrant electrometer often differ. The several 
authors introduce different constants and we are left with a 
large number of constants, whose relative importance we are 
unable to determine easily. 


I think that Dr. Kouwenhoven has rendered a very important 
service, in that he has considered the quadrant electrometer 
from its simplest stage as represented by Maxwell’s equations, 
in which we find every coefficient of induction which is required 
by a system involving three elements. Some of the constants 
will change with the deflection of the instrument. The service 
he has rendered is to show that used as a power instrument, many 
of these constants disappear, either through mutual neutraliza- 
tion or because they happen to be so small as to be negligible. 
He has thus brought the instrument to a point where it is shown 
to be reliable through the determination of only two constants, 
and these two constants can be determined by d-c. measurement. 


D. M. Simons: Anyone who has had much practical ex- 
' perience with the quadrant electrometer has found that the so- 
called constant of the instrument is usually by no means what its 
name implies; we usually found that the constant would have 
different values at different voltages, and until certain adjust- 
ments were made, it would vary with the magnitude of deflection. 
It gave one rather a lack of confidence in the fundamentals of 
the theory of the instrument, because Maxwell’s equation was 
based on the constancy of the proportion between the deflection 
and the total load. There have been some indications in print 
that the relationship did not hold good, such as Orlich’s article 
in the Zeitschrift fur Instrumentenkunde about ten years ago and 
the article by Cantutti in I’ Elettricista in 1923, and the matter 
has been in the minds of a great many people, without any defi- 
nite solution. I think, therefore, that Dr. Kouwenhoven is all 
the more to be congratulated on having solved the question so 
thoroughly in a quantitative manner. 
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Personally, I find it rather difficult to mention the quadrant 
electrometer without discussing the zero method, and the subject 
is not entirely inappropriate, because one of the main advantages 
of the zero method is that no knowledge of the constant is re- 
quired. We described a zero method last year before the 
Institute,! which ' believe is very practical, the deflection being 
brought back to zero merely by the insertion of a resistance in the 
needle circuit, the value of power factor of the load being caleu- 
lated in terms of the resistance required. Using any zero method 
with the electrometer, there are certain great advantages; a_ 
straight-line constant is not necessary, and thus there is much 
greater freedom in the design of the instrument. The setting is 
practically independent of voltage fluctuations, and thus the 
measurements may be made much more accurately and quickly 
than with a deflecting instrument where the needle will swing 
with every fluctuation of voltage. The reading with the zero 
method is proportional to power factor, while in the deflection 
method it is proportional to watts, and thus the zero method is 
more suitable for the measurement of ionization. 

S. L. Gokhale: 1. To begin with, I suggest that the title 
of the paper be changed to ‘‘Electrostatie Wattmeter;’’ in the 
past, all the valuable literature on this subject has been indexed 
under the head ‘‘quadrant electrometer,’ and it is generally 
overlooked by those who are searching for information on 
methods for measurement of power. 

2. Tables IV, V, and VI constitute avery convincing demon- 
stration of the reliability of this type of wattmeter, for loads of 
low power factor, but all the cases treated by the author are 
loads of no distortion. The particular case I am interested in, 
is the case of core loss in iron for flux density near saturation, 
involving not only a very low power factor but also a serious 
distortion of the current wave, with a possibility of distortion of 
the voltage wave also. It seems to me that the instrument 
would prove very satisfactory for this purpose also, but I would 
prefer to have the fact demonstrated, if possible. 


3. The question of instrument error, that is, error characteris- 
tie of the instrument, irrespective of the nature of the load, is also 
quite important. On this point, I suggest, by way of experiment, 
the measurement of core loss in an air-core transformer (7. e., 
mutual inductor); as there is no real loss to be measured, any 
apparent loss would obviously be the instrument error. Another 
experiment directed towards the same end would be the measure- 
ment of core loss in iron-core transformers at low flux density by 
the electrostatic wattmeter, and also by the electro-dynamometer 
wattmeter. i 


4. As to the mathematical development of the final working 
formula (omitting the correction for errors), it may be noted that 
the author has given two equations, Nos. (42) and (43). Equa- 
tion (42) is theoretically the final form in which the variation in 
the coefficient of torque due to variation in the voltage of the 
needle has been taken into account. Equation (43) is a simpli- 
fied. practical final form of equation (42), assuming the coefficient 
of torque to be constant and independent of voltage. In the 
several experimental demonstrations given by the author, this 
coefficient is either really constant, the working voltage having 
been maintained constant for each series of tests, or practically 
constant and regarded as such by the author himself. In other 
words the final working formula is equation (43), not (42). 
In view of this fact, it may be of interest to know that equation 
(43) ean be derived directly from the well-known fundamental 
equation, that is, from equation (11) of Prof. Kouwenhoven, 
without the intermediate thirty equations which needlessly 
discourage an average reader. I do not intend to suggest that 
equation (42) together with the mathematical development which 
leads to it, is all unnecessary. It is easy to believe that occa- 
sions will arise where the nature of the work in hand eallsfor a 
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variation of voltage, which would make equation (42) indispen- 
sable. In view of this possibility, I might suggest that Prof. 
Kouwenhoven extend his experiments to the case of varying 
voltage, other variables being maintained constant for the time. 
It would be interesting to have it demonstrated that the co- 
efficient of torque follows the law formulated in equa- 
tion (42). 

W. B. Kouwenhoven: The quadrant electrometer is an 
electrostatic instrument and measures root-mean-square values 
exactly. Its readings are independent of wave form and fre- 
quency. ‘The capacity-load measurements referred to in Table 
VI were made with energy supplied from a generator that does 
not give a pure sine wave. Under these conditions the current 
wave was badly distorted; nevertheless, the results checked 
closely. I am sure that the instrument could be successfully 
used in measuring core loss in iron samples. 
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As stated in the paper, equation (43) is only a special case of 
equation (42). Equation (43) may be directly derived from 
Maxwell’s equation (11). 

In using an instrument it is always desirable to have a straight- 
line constant, but this is not possible in all electrometers for the 
reasons mentioned in the paper. In some electrometers the con- 
stant varies considerably with the needle voltage. In the electrom- 
eter referred to in the paper the constant varied as follows: 


Needle Voltage 55 volts; Constant 72 Table V 
“ “ 100 “ “ "i 1 8 “ IV 
“ “ 400 “ “ 69 k “/ “ VI 


This electrometer was used later with voltages as high as 1800 
volts on the needle. At this voltage its constant was found to be 
33.8. This clearly shows the effect of the variation in voltage 
upon the constant of the instrument. 


A New Method and Means for Measuring 
Dielectric Absorption 


BY RALPH E. MARBURY* 


Associate, A. I. E. E. 


Synopsis.—The progress of practically all electrical apparatus 
is to a large degree dependent on progress in insulation. The 
successful selection and use of insulation, particularly insulation 
operated with maximum economy as in the case of static con- 
densers, depends on our progress in the understanding of the 
factors on which insulation quality depends. 

It has long been known that for a given working condition, 
reliability depends on dielectric losses, particularly the losses 
commonly referred to as hysteresis losses. 


The hysteresis loss is definitely related to the phenomenon of 
absorption or residual charge, especially when the residual voltage 
quickly builds up. 

In order to further analyze dielectric losses, and study the progress 
of treatment of insulation, a device has been developed for measuring 
dielectric absorption. 

This article describes the ‘Dielectric Lag Meter’ and gives 


some test data secured by it. 
* * * * * 


I. INTRODUCTION 


HE importance of insulation to the progress of the 
electrical art is well recognized. This is especially 
so in apparatus where insulation is operated with 

maximum economy, as in the case of condensers and 
cables. Possibly the most important of all insulation 
from the standpoint of relation to the cost and reli- 
ability of the apparatus is that used in condensers, 
since in condensers the insulation is the vital element, 
the active part, and fundamental to the device itself. 
More than that, the quantity of insulation varies 
inversely as the square of the stress at which the mate- 
rial is worked. The working stress must at all times 
be well within limits which have been established as 
reliable; nevertheless as we acquire knowledge of the 
fundamentals of insulation, we shall be able to fabricate 
it more economically and operate with less, but more 
definite, factors of safety. 

Insulation may be divided into two general classes: 

*Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 


Presented at the Annual Convention of the A. I. E. E., 
Saratoga Springs. June 22-26, 19265. 


viz., (1) that occurring in a natural state, (2) that 
which is created by combination of other materials. 
Under the first class we have mica and similar sub- 
stances, while under the second class we have fibrous 
spacer materials impregnated with oils, waxes, or 
similar substances. The practical disadvantage of the 
first class is that the quality is not under our control. 
We can only make suitable tests to select the material of 
satisfactory quality. Insulation of the second class, 
while of a complicated nature, is subject to closer con- 
trol since practically all the materials making up the 
structure may be controlled to a greater or lesser degree. 
It is only necessary to exercise the proper control when 
a means is available by which the quality of the various 
materials can be studied separately, combined, and 
during the process of combination. 

The advantages of oil-impregnated paper insulation 
are now fully recognized and this type of insulation 
has been used with success for many years. This form 
of insulation can be used in large quantities due to its 
inherent uniformity. A closer control, however, during 
impregnation, will result in still greater gain, since a 
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large mass of insulation may be treated until every unit 
of its volume is of satisfactory quality. The principal 
advantages of oil-treated paper insulation are the 
high quality of oil as an impregnating medium, the 
circulating or heat distribution qualities, and the 
thoroughness with which it impregnates the material. 

It is extremely important that practically all the 
moisture be removed from the paper before the intro- 
duction of oil, and, in fact, the characteristics of the 
dielectric consisting of high grade paper and oil depend 
almost entirely on the completeness of moisture removal 
before impregnation. 


Many methods have been developed whereby the 
finished condenser, or cable, may be tested for dielectric 
losses. Such tests are extremely important, especially 
when one is concerned with the efficiency or tempera- 
ture rise. On the other hand, these tests give only the 
result of imperfections and not the nature of the losses. 
In other words, the losses in the condenser may be 
caused by losses in the metal plates, conduction losses, 
or the so-called hysteresis losses in the dielectric itself. 


It is desirable not only to analyze these losses but 
to make the tests on the condenser during treatment. 


In the case of 60 cycles, practically all of the loss 
is in the insulation itself, rather than in the metal plates 
or due to conduction through the dielectric. It is 
generally agreed that the losses in the insulation are 
directly related to the phenomenon of absorption. A 
measure of absorption during treatment should serve 
as a very effective quality control. 


A device for conveniently measuring absorption has 
been worked out and it is the purpose of this paper to 
describe this device in detail. 


Il. DIELECTRIC ABSORPTION 


When a condenser having a perfect dielectric is 
connected to a source of electromotive force, it im- 
mediately takes up a quantity of electricity, Qo, which 
is proportional to the voltage 

Qo an Co i 
where Cy is the geometrical capacity, or the capacity 
based on the physical dimensions of the insulation 
and specific inductive capacity. 

However, in the case of an imperfect dielectric, the 
above does not complete the process. The quantity 
Q, increases with time until a final value, Q., which 
exceeds the value Q, by a certain fraction K, is reached. 

Qe = (1+ K) QE 

This characteristic of insulation has been given the 
name of dielectric absorption and the key to an under- 
standing of insulation losses lies in the thorough 
understanding of this phenomenon. 

As stated above, the initial quantity of electricity 
may be represented by Q,. This is also the quantity 
that will-be dissipated on a quick short circuit or dis- 
charge through a low resistance, Thus, when a con- 
denser is charged, discharged, and then left open-cir- 
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cuited, a voltage will build up with time across its 
terminals. The rate at which this voltage builds up, 
and the magnitude of the voltage for a given condenser, 
depends on the time of charging and applied voltage. 
With different condensers, the shape of this residual 
curve, especially when different applied voltages are 
considered, depends on the quality of the insulation. 

Our work has indicated that these curves, if fully 
understood and analyzed, will provide a measure of at 
least the major factors on which dielectric quality 
depends. 

The most desirable method for measuring absorption 
direct is to charge the condenser for an arbitrary, but 
short, length of time, then discharge it through a very 
low resistance to eliminate the quantity Qo, and measure 
the residual voltage as it builds up after discharge. 

The subject of dielectric absorption has occupied the 
minds of many investigators over along period. There 
are some who account for it entirely on the basis of 
heterogeniety, while others consider it of a more com- 


- plicated nature. 


F. W. Grover* has reviewed a number of these theories 
and analyzed them quantitatively. 

K. W. Wagnert has made a careful study of the 
Maxwellt theory of absorption and has applied it toa 
more complicated dielectric structure. 


DIFFICULTY OF MEASURING ABSORPTION 


Many investigators. have measured absorption by 
charging the condenser, discharging it, and immediately 
connecting across its terminals an electrostatic volt- 
meter. This is not wholly satisfactory, since the 
static voltmeter has a large time lag and fails to indicate 
the values of voltage during the most important part 
of the residual-voltage curve. Our tests of this kind 
showed that the part of the residual curve occurring 
during the first ten seconds is not secured. Further 
investigations showed first, that the most important 
part of the residual voltage curve occurs within the 
first second, and secondly, that after a few seconds the 
true shape of the residual curve is distorted by leakage 
current due to the over-all insulation conductivity. 

It is desirable, therefore, to make the absorption 
measurements within one second after discharge, and 
a sufficient number of measurements should be taken 
during this period of time to establish with reasonable 
accuracy the shape of the curves. 


THE DIELECTRIC LAG OR ABSORPTION METER 


The dielectric lag meter measures the instantaneous 
values of voltage across the condenser by direct com- 
parison with known voltages. 


*f. W. Grover, Bulletin of the Bureau of Standards No. 4, 
December 15, 1911. ; 

+K. W. Wagner, Theory of Dielectric After Effeet in the 
Light of Maxwell’s Notions. 

Archiv fur Elektrotechnik, Vol. 2, No. 9, 1914. 

tClerk Maxwell, Electricity and Magnetism, Vol. 1, page 
452. 
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The apparatus consists of an arm switch rotating at a 
constant and known speed,.a potentiometer for varying 
the value of the known voltage, a galvanometer circuit, 
and a means for selecting the instant of time at which 
the measurement is to be made. 

The diagram in Fig. 1 shows the rotating arm 
switch with twelve stationary contacts, the galva- 
nometer and potentiometer circuits, and, in addition, 
a variable resistance in parallel to the condensers. 
The variable resistance is not used in making residual 
voltage curves, but is provided for making discharge 
curves which are described later. 


D.C. ) poe Potentiometer 
110 Volts 60 Ohms 
Rect aes ia 
° 9 4 4 oe 100 “150 oo 
: o4 3° T Scale 
Ohms 20, (9) Iho 
3 > 


800,000 


Fig. 1—Dracram or Connections or Diretectric Lac Meter 


Three different. types of test which may be made by 
means of this instrument have been found to be of 
particular value: 

A. Residual voltage against time, 

B. Residual voltage against applied voltage, 

C. Discharge curves with condenser and resistance. 

The methods of making these tests are discussed 
separately and in detail to illustrate the operation of 
the instrument. 


Fig. 2—Intrernat View or Drevectric Lag Mnrir 


A. Residual Voltage Against Time. 
to be tested is connected at terminals marked C in 
Fig. 1. The shunt resistance is disconnected for this 
test. The two terminals marked D. C. are connected 
to a source of direct current. The other two terminals 
are connected to the 110 volts, 60 cycles, for operating 
the synchronous motor driving the arm switch. 


The condenser 


e derdard 
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Two segments are used for charging and discharging 
the condenser, while the other ten segments are used for 
measuring the residual voltage at various values of time 
after discharge. 

The charge and discharge segments are connected to 
the line and discharge resistance, marked 60 ohms on 
Fig. 1, by means of the switches C, D, C, D, so that 
when the arm is rotating counter-clockwise the first 
segment will charge the condenser to the applied voltage 
and the second will discharge it. The width of the 
charging segments and the space between it and the 
discharge segment are such as to fix the charging time 
at 0.111 seconds. The discharge resistance is made 
just high enough to prevent damage to the segments 
on the discharge and not high enough to fail to discharge 
the initial quantity Qo. 

In making the tests, the arm makesc ontact first with 
the charging segment, then with the discharge segment, 
and then makes a complete revolution and charges 
again and so on at a constant rate. Each time the 
arm leaves the discharge segment and as it makes its 
revolution a residual voltage develops each time 
taking on the same values for the periods of time corre- 
sponding to the segments 1, 2, 3 to 10, consecutively. 

While this is going on, the time-setting switch, shown 


See oh 
nat, eet i 
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Fic. 3—Front View or Dievectric Lac METER 


on diagram Fig. 1, is set on contact one and the poten- 
tiometer voltage adjusted until the potential of segment 
No. 1 is the same as that of the rotating brush at the 
particular instant of time that it comes in contact with 
segment No. 1. This condition is obtained by ad- 
justing the potentiometer until the galvanometer fails 
to reflect in either direction, when the arm makes con- 
tact with this segment. When the balance is ob- 
tained, the voltage setting of the potentiometer is equal 
to the condenser voltage at the instant of time corre- 
sponding to the position of segment No. 1, which is 
located 0.111 seconds after discharge. This is repeated 
for segments 2, 8, 4, etc., thus giving 10 points on the 
residual curve, 0.111 seconds apart. 

B. Residual Voltage Against Applied Voltage. In 
this case the time-setting switch is left in some one 
position and the residual voltage measured for different 
applied voltages by balancing with the potentiometer 
as in a. 

C. Discharge Curves with Condenser and Resistance. 
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Discharge curves are less important than the residual 
voltage curves, since more factors are involved. The 
departure of the curve on a condenser from the theoret- 
ical equations 

FE 


Bide acaies 2 


is quite noticeable with the slightest amount of absorp- 
tion. This is especially true with discharge curves of 
very short duration and the lag meter is especially 
suited for making these discharge curves. 

In making discharge curves, the charge and dis- 
charge segments are changed so that the condenser is 
first discharged and then charged to line voltage. This 
is accomplished by means of switches C, D, as will be 
seen by referring to Fig. 1. In this case the condenser 
voltage is that of the line voltage when the arm starts 
its revolution and:drops during the course of the revo- 
lution, due to the discharge resistance which is shunted 
across it. The variable discharge resistance should be 
set at a value depending upon the capacity of the con- 
denser, so that the voltage at segment 10 will be of the 
order of one volt, thus giving 10 points on the dis- 
charge curve. Steeper discharge curves may be made, 
if desired, where the voltage has already reached practi- 
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cally zero value at segment two or four or even one. 
The values of voltage for segments from one to ten 
consecutively are determined as before. 

The details of the device, especially the arm switch, 
are shown in Fig. 2. The front with all control knobs 
is shown in Fig. 3. 


DIELECTRIC ABSORPTION MEASUREMENTS WITH “‘LAG 
METER” 


Three types of test are described below to illustrate 
the performance of the device: 

1. Dielectric absorption tests on a model condenser 
made to illustrate Maxwell’s theory of absorption. 

2. Dielectric absorption tests on a paper condenser 
during removal of moisture to show effect of moisture 
removal on absorption. 

3. Tests on miscellaneous power condensers. 


1. MopEL CONDENSER 


Clerk Maxwell showed in his famous Treatise on 
Electricity and Magnetism that a dielectric having a 
variation in the product of R and C at varous points 
would exhibit the phenomenon of absorption. That is, 
the initial voltage distribution would follow the values 
of C and a later or final distribution would follow the 
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values of R. If the distribution according to values of 
R does not agree with the distribution for the values 
of C correspondingly, a shift will take place in the 
stored charges. This charge represented by the shift 
from the normal condition will not come out instan- 
taneously when the condenser is discharged, but will 
come out with time after discharge, resulting in a 
residual voltage. 
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RESIDUAL VOLTAGE 
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Fig. 5—ResipuaLt Voutace AGaAiInst TIME ror MopeEer 
CONDENSER SHOWN IN Fic. 4 


A model condenser was constructed to illustrate this, 
and measurements of the residual voltage were made 
with the lag meter. This model consisted of two 
condensers C’; and C, shunted by a resistance R,; and Rz 
as shown in Fig. 4. No attempt was made to make 
the values representative of an actual condenser. 
The two condensers used to make this test had ex- 
tremely low residual voltages, so that for all practical - 
purposes the residual values obtained were due only 
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Fic. 6—ResipuaL Voutracr Against APPLIED VOLTAGE 
ror Mopre,t ConpENSER SHOWN IN Fic. 4. Time Arter Dis- 
CHARGE Hauats 1.11 Srconps 


to the fact that R, C, was not equal to R,C;. Tests 
were also made with values of R; and R2, so that the 
two products R C were equal and no residual voltage 
was obtained in excess of that which would exist 
without the resistances. 

The residual voltage against time for the model as 
shown in Fig. 4 is given in Fig. 5. 

The residual voltage against applied voltage for 7’ 
after discharge = 1.11 seconds, is given in Fig. 6. 
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This shows that the residual voltage is proportional 
to the applied voltage for such a model as would be 
expected from Maxwell’s equations. 

Fig. 7 shows discharge curves made, using the above 
model and with resistances of 31,000, 50,000, 185,000, 
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and 400,000 ohms. The model follows qualitatively 
Maxwell’s theory of absorption. 


2. DIELECTRIC ABSORPTION TESTS 
ON CONDENSERS DURING TREATMENT TO REMOVE 
MOISTURE 
A stacked paper condenser having a capacity of 
approximately 3 microfarads was dried in an oven with 
vacuum in order to remove moisture, in accordance with 
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Fig. 8—Restpuat Voutace AGAINST TIME ON A CONDENSER 
Durine Moisture REMOVAL 


the usual process. Five residual voltage curves were 
taken, one just after heat treatment before vacuum was 
applied and the other four during heat treatment with 
vacuum. In each case the condenser was allowed to 
cool to 22 deg. cent. before making the test. The five 
curves in Fig. 8 are identified as follows: 

a. Heated the day before 6 hours at 60 deg. cent. 

b. Heated the day before 6 hours at 100 deg. cent. 
and 27 in. vacuum. 
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ce. Heated the day before 6 hours at 100 deg. cent. 
and 28 in. vacuum. 

d. Heated the day before 6 hours at 100 deg. cent. 
and 28 in. vacuum. 

e. Heated 16 additional hours at 100 deg. cent. and 
28 in. vacuum. 
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As the moisture is removed from the dry paper con- 
denser, the residual voltage decreases to a value which is 
practically immeasurable, as shown by theabove curves. 
This is due to the fact that the dry paper has very little 
absorption in itself. 
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8. TESTS ON MISCELLANEOUS POWER CONDENSERS 


In order to illustrate the values of residual voltage 
obtained with average commercial power condensers, 
curves are given in Fig. 9 for five different condensers, 
each of the same style but varying somewhat in 
quality. These curves show that for a very high 
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quality condenser, having losses of about 0.2 per cent 
as designated by Curve No. 2, the residual voltage is 
very low, while for a condenser having power losses 
such as 0.5 per cent the residual voltage is very much 
higher, as shown in Fig. 8, Curve No. 5. It must be 
borne in mind, however, that a direct comparison 
cannot be made between losses and residual voltage 
unless all factors are taken into consideration, and in 
fact, the exact relation existing has not been definitely 
established. These tests are made on 5-kv-a., 2300- 
volt condenser units. 

Fig. 10 gives the five residual voltage curves against 
the applied voltage for the same condensers as covered 
by Fig. 9. Corresponding numbers are given to the 
two sets of curves for comparison. 

It is of greatest importance to note that in Fig. 10 
the residual voltage curves against applied voltage have 
a saturating characteristic, that is, at some voltage for 
each condenser the residual voltage reaches a maximum 
value or approaches a maximum value as a limit, in- 
stead of being at all times proportional. It is of even 
more interest to note that the higher the quality of 
the condenser, the smaller the angle of rise becomes. 


CONCLUSIONS 


All tests to date indicate that the residual voltage 
against applied voltage and residual voltage against 
time are of greatest value. 

The saturating characteristics of residual voltage 
against applied voltage appear to be the most im- 
portant of all, in that it follows so closely the over-all 
quality of the condenser and it is our opinion that a 
thorough understanding of this curve will result in a 
better understanding of the factors on which insulation 
quality depends. This saturating characteristic is not 
accounted for by previous work or theories, so far as 
we have been able to learn. 

The immediate value of the absorption test is in 
determining when the moisture has been removed from 
the paper during treatment, so that in no case will the 
oil be applied until the moisture has been removed. 

A measure of absorption may show the progress of the 
oil in reaching the microscopic crevices of the fiber. 

After the factors affecting the absorption are under- 
stood, absorption tests may be of value in periodically 
testing cables in service, to show stratified deterioration 
and serve as a means of anticipating cable failures. 

Bibliography 
Maxwell, Electricity & Magnetism, Vol. 1, p. 452. 
Rowland, Philosophical Mag., XI, p. 414. 
Muraoka, Wied Ann, (40), p. 381. 
Grover, Bureau of Stds., Vol. 7, No. 4, p. 519. 
Curtis, Bureau of Stds., Vol. 6, No. 4, p. 441. 
Coffin, Physical Review, (25) p. 123. 
Pellat, Ann Chim Phys., (7) 18, p. 150. 
Wilson, Proc. Roy. Soc., A 82, p. 409. 
Von Schweidler, Ann D Phys., 24, p. 711. 
Boltzman, Wien Ber 11, p. 70. 
Hopkinson, Phil. Transactions, 167 p. 599. 
Houllevigue, Jour. de Phys., (8) 6 pp., 113, 120. 


a CAA ie 


— — 
eS 


MARBURY: DIELECTRIC ABSORPTION 


Transactions A. I. E. E. 


13. Hopkinson, Phil. Transaction, Vol. 166, p. 489. 

14. Wagner, Archiv. fur Vol. 2, No. 9, p. 371. 

15. Wagner, LHlectroechnische Zeitschrift, Vol. 34, No. 45, 
p. 1279 to 1282. 

16. Arno, Viscuous Dielectric Hysteresis. 

17. Jordan, Deutsche Phys. Gesel Verk 149, 470. 

18. Thornton, Proc. Phys. Sos., London 24 301, 359. 

19. Tank, Ann d Physik 353, p. 307, 359. 

20. Minton, Proc. A. I. E. E., Vol. 34, p. 115, 1165, June 1915. 


Discussion 


J.B. Whitehead: We have not had sufficient recognition of 
the importance of dielectric absorption as a factor in the question 
of dielectric loss. Modern theory of dielectric behavior, such as 
it is, is directed more and more toward the explanation of 
dielectric loss in terms of dielectric absorption. That is not to 
say, however, that we are getting to understand the fundamental 
character of this loss any better, because there is no more 
obseure phenomenon than that of dielectric absorption. 

We have Maxwell’s theory of absorption, but Maxwell's 
theory has not been confirmed by quantitative measurements, 
and, indeed, there are many indications that it must be modified 
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in some way. However, the actual phenomenon itself is rela- 
tively simple; that is to say, we can make certain measurements 
on dielectrics which will give us certain curves, and if we express 
these curves in terms of mathematical functions it is possible to 
substitute these functions in our simple a-c. power equations and 
we get expressions for dielectric loss, phase difference, and specific 
conductive capacity, which go far toward explaining their 
variations with such quantities as voltage, frequency, and to 
somewhat less extent, the temperature. So it is particularly 
important that we should have a paper on this subject. 

I find, however, in considering Mr. Marbury’s method that it is 
subject to one very serious limitation. One of the best ways of 
representing the phenomenon of absorption is to plot a curve 
as in Fig. 1 between the charging current of the condenser 
containing the dielectric and the time; that is to say, if we take a 
condenser which has been lying idle a long time, and suddenly 
apply a continuous voltage, measuring the current, we find a 
curve approximately asymtotie to the axis of time, but which, in 
most cases, reaches a final steady value. In a few very perfect 
dielectrics only does the curve come down to the horizontal axis. 
This curve can extend over a very long period of time, days or 
even months. 

For example, in 60-cycle circuits, we have complete reversal of 
voltage in a very short interval of time and consequently any 
influence of this absorption curve must pertain to a portion of the 
curve which is extremely near its starting point, S. The great 
trouble that has been found in linking up the phenomenon of 
absorption with losses as we observe them has been the dif- 
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ficulty of determining the shape of this curve for extremely short 
intervals of time. 

In the cycle represented by Mr. Marbury’s instrument, he 
charges the condenser for 1/10 sec., the quantity of charge being 
represented by the area A of the figure. He then discharges it 
for about the same interval of time (1/10 sec.), the quantity 
discharged being shown by area B. Now, there is a law not 
very generally spoken of, connected with this phenomenon of 
absorption. This is called the ‘‘Principle of Superposition.” 
It was first noted by Sir John Hopkinson in some of the earliest 
and best work that has ever been done on dielectrics, and it was 
confirmed beyond question by J. Curie. It states that if you 
start one of these absorption curves, and then make any change, 
whatever, in voltage, the succeeding behavior of the dielectric 
will be as though you superimposed upon the initial curve the 
curve represented by the change of voltage when acting alone. 
In the figure, this means that when dielectric is short-circuited it 
behaves just as though we had applied a negative value of the 
voltage equal to the charging voltage. The discharge curve is 
exactly similar to the charging curve, but refers to the charging 
curve instead of the horizontal axis. In other words, it says the 
preceding state of the dielectric persists with the change in 
voltage applied to the initial curve, and not to the horizontal 
axis. So, also, the discharge curve which Mr. Marbury gets 
is subject to the same law. 

But what doeshedo? Hehasdischarge for only a period of 1/10 
sec. and then allows the residual voltage to rise for a period of 
9/10 sec. but then he stops! His voltage residual due to the 
first cyele is represented by the progressive integration of the 
area C; that is, all the residual due to areas B and D are not 
included. 

If the discharge interval stops before the dielectric is com- 
pletely discharged, represented by the full area under the dis- 
charge curve, he has not measured his residual voltage accurately. 
The observations he makes appertain to the particular cycle 
represented by his instrument, because his next charging cycle 
rises to a lower value and the successive discharge curve will 
also be a little less; but something more will be added to the 
foregoing residual. He is measuring the sum of a succession of 
these intervals, each one being less than the preceding one. So 
he is measuring something that is certainly due to absorption, 
but it is peculiar to the particular cycle he is using; namely, 
1/10-see. charge and discharge and a 9/10-see. residual. The 
1/10-see. interval is of no great interest because it is not short 
enough for information as to 60 cycles. Hopkinson’s investiga- 
tions showed that a condenser, so far as the initial static charge 
is concerned, will be discharged in an interval in the order of a 
1/17000 sec., the residual curve then starting. So in Mr. 
Marbury’s instrument the discharge interval allows a large 
portion of the absorption to escape in the short circuit. 

I am sure that Mr. Marbury’s instrument will be of great 
value in testing the relative absorption properties of dielectrics, 
particularly those in which most of the discharge will take place 
within the interval of the instrument itself, but I think it ought 
to be clearly understood that it does not measure the true 
absorption curve and that what it measures is peculiar to this 
particular instrument. 


Arnold Roth: It is interesting to note the different opinions 
on the importance of the losses in cables. We have worked on 
this question in Europe and our cable manufacturers also used to 
give much importance to this factor. 

I should like to point out the difference in the importance of 
these losses in two kinds of materials, namely, (a) cable with 
relatively moderate outside temperature, (about 40 deg. cent.), 
and (b) materials which I should like to eall “high-loss’’ ma- 
terials, like bakelite, shellac, paper, ete., in oil of high tempera- 
ture (70 to 80 deg. cent.). The importance of the losses for 
those two kinds of materials from the practical point of view is 
quite different. 
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To make it clear, I should like to speak of two kinds of break- 
downs. On one side we have what we eall the “‘real electrical’ 
breakdown. It is known to all of us. It occurs in one-minute 
tests, one-second tests, or 1/10-second tests. Its physical 
details are not explained. On the other side there is another 
kind of breakdown which I should eall ‘“‘heat breakdown” or 
“loss breakdown.” It was explained by Steinmetz, Wagner, 
Dreyfuss, and others, and is based only on the specific losses 
and the heat conductivity. You will remember that in insulat- 
ing materials there are losses, and the losses inerease very fast as 
the temperature increases. If you have some kinds of material 
and apply a voltage, it will create losses and the losses are 
transformed into heat. The heat makes the temperature rise, 
and you may reach a balanced state or an unbalanced state, 
depending entirely upon the voltage impressed. 

This effect might be illustrated by the curves in Fig. 2 herewith, 
representing losses plotted against time. Curve JF; refers to 
a voltage H,; Curve H, to a somewhat higher voltage H.. The 
object measured might be a bushing of the paper type (with or 
without condenser layers). In the first case, an equilibrium is 
reached after some hours; in the second ease breakdown occurs. 

It is possible to predict the voltage at which this breakdown 
occurs before having made any tests, provided you know the 
specific losses of the material and the heat conductivity. An 
accuracy of 10 to 15 per cent is possible. I say that in order to 
show that this phenomenon is not simply an assumption but 
that it is a ealeulable fact. 
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Now, to get back to the point from which IJ started: I repeat 
that there are two kinds of breakdown voltages which may 
exist, namely, the heat breakdown voltage, due only to the 
losses, and the electrical breakdown voltage which, so far as 
In your 
cables, you have now very low losses and if you calculate the heat 
breakdown voltage for cables, you will see that you will come to 
about 180,000 volts in sustained service. You will see that 
today this heat breakdown voltage is of no importance whatso- 
ever in connection with cables. 

I do not wish to be misunderstood. Although the direct 
effect of the losses does not enter into consideration, that does not 
mean that loss measurements are of no importanee. Loss 
measurements do give very interesting indications about moisture, 
regularity of manufacturing proceésses, and so on. 

The heat breakdown voltage is quite another thing in bakelite. 
You are using it in hot oil in transformers; it may be at 60 to 
90 deg. cent. In addition there are the specific losses of the 
material itself, so that you get there a limiting voltage of 60 kv. 


_ It might vary from 40 to 70 kv. You may be astonished be- 


cause I apply such high voltages to bakelite. In speaking of 
those breakdown voltages, I am speaking of the case where you 
have only a unidirectional flow of heat. In a bushing you may 
have a dissipation of heat in the direction of the axis also, and 
the tension will be higher than that. 

You see now that the electrical breakdown voltage for the 
cable is below this heat breakdown voltage and so the heat 
breakdown voltage is not of interest for cables. But it is quite a 
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different thing for bakelite. For bakelite the electrical break- 
down voltage is above 60 kv., so the heat breakdown voltage is 
interesting. I know very many cases of commercial design 
where the heat breakdown is the governing factor. 

Delafield DuBois: Mr. Marbury’s paper, and Fig. 8 in 
particular, add to the data that we already have linking ab- 
sorption, dielectric phase difference, and dielectric loss with 
moisture. Now the behavior of moisture in a dielectric under 
electrical stress, and particularly in a fibrous dielectric, is a most 
complex phenomenon. The moisture is strongly held by surface 
tension but is acted on by electrical forces tending to form it 
into conducting paths. Complicating this is the fact that the 
passage of current through these paths tends to disrupt them by 
heat generated in the paths. 

If we had a dielectric containing a high resistance path em- 
bedded in it and partially bridging it, we would have the equiva- 
lent of the model condenser shown in Fig. 4 of the paper, and 
such a model would give a residual voltage curve as given in 
Fig. 6. But if this conducting path were a path of moisture it 
would not remain a fixed path of constant resistance, but would 
be constantly changing in length and resistance and intercon- 
nections with other moisture paths under the application and 
removal of voltage, and we should no longer expect a curve as 
Fig.6. There are so many factors affecting this change that it is 
difficult to give them all proper weight in drawing conclusions. 
But, referring now to Fig. 10, it would seem that above a certain 
voltage the moisture paths, if we may consider them such, tend 
to inerease in their effective resistance, acting to improve the 
dielectric. It is as if the dielectric became dryer with the 
increase of voltage. 

It is obvious that for a higher voltage the conducting paths 
carry more current, and it does not seem unlikely that it is this 
current, dispersing the moisture paths, that is responsible for the 
shape of the curves of Fig. 10. 

W. F. Davidson: Mr. Marbury’s paper ealls our attention 
to a very important phase of insulation behavior and one which 
gives promise of telling much about the fundamental behavior 
of electrical insulating material. The paper also presents a very 
interesting shop method for determining certain aspects of 
dielectric absorption, but I think it would be a mistake to classify 
the method as truly scientific. 


Towards the end of the paper the author ealls attention to an 
apparent saturation of the dielectric. In an effort to explain 
this we find a disconcerting lack of detailed information as to the 
apparatus used and the test procedure. For instance, the 
diagram of connection indicates a 110-volt d-e. supply for 
charging the condenser and we are without information as to 
the means used for varying the voltage in the individual tests. 
If this is done by means of a series resistance, certain results 
would be expected, while if it is done by varying the voltage of a 
battery with low internal resistance, the results would have a 
somewhat different characteristic. Furthermore we have no 
exact data as to the duration of the contact, either for the 
purpose of charging or for the purpose of discharging the con- 
denser. An effort to determine this time by scaling from the 
drawing indicates that the contact has a duration in the order of 
0.03 seconds, which can hardly be considered as a quick short 
circuit. Neither can the 60-ohm resistance be placed in the 
discharge cireuit, be called low resistance, although it is quite 
permissible to use this sort of method for shop work. 

In the early part of this paper the author referred to the 
“inherent uniformity” of impregnated paper, but I fear that his 
statements are somewhat misleading and a little too optimistic. 
Those of us who have had experience with high-voltage cable 
with impregnated-paper insulation fully realize that this ma- 
terial does not have an inherent uniformity; if it did have, many 
of the difficulties of the cable manufacturer would be things of the 
past. I must also question the thoroughness with which oil 
impregnates the material, for numerous observations have in- 
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dicated that the thoroughness of impregnation depends in a very 
large measure on the type of fibre from which the paper is made. 
Probably Mr. Marbury’s statement is quite correct for the type of 
paper used in manufacturing condensers, but it is hardly correct 
for some sorts of paper which have been suggested for use in 
high-voltage cable. 


In the last paragraph of his paper the author makes the pre- 
diction that a study of absorption may afford a means of pre- 
dicting cable failure in operating systems. A method of cable 
testing based upon this idea was described before the Institute in 
1923 by Messrs. Phelps and Tanzer? and had been further 
developed by several operating companies. In a discussion of 
a paper on testing cable by Mr. Lee*® presented at the Mid- 
winter Convention of this Institute several aspects of the problem 
were discussed. Special high-speed, curve-drawing instruments 
for recording the data were deseribed and some of the results 
presented. 


Due to the large amounts of energy involved, the ‘discharge 
and recovery system” such as used for small condensers is very 
difficult to handle on long eable. Better results seem to be 
obtained by observing the characteristic during the period of 
charge. In addition to the advantage just mentioned for the 
charging system as distinguished from the discharge and re- 
covery systems, there is the point that the readings are somewhat 
less influenced by the previous history of the cable. This is of 
great importance since the absorption of many of our eables is of 
very large magnitude and unless long times are allowed to elapse 
between successive tests the readings on any one test may be 
largely influenced by the preceding test value. 


Probably the value of Mr. Marbury’s paper could be very 
considerably inereased if he could inelude some data taken with a 
electrostatic oscillograph showing the voltage across the con- 
denser terminals during a complete cycle of the test, that is during 
the charge, the standing, the discharge, and the recovery periods. 
Such data would be very helpful in explaining the apparent 
saturation of the dielectric previously referred to. It would also 
give a better idea as to the behavior of the contacts and the 
effectiveness of the discharge circuit in removing basic quantity — 
of electricity on the basic charge. 

W. B. Kouwenhoven: The device developed by Mr. 
Marbury possesses many valuable features. It is similar in 
certain respects to the apparatus developed by the Bureau of 
Standards for charging and discharging condensers by the 
method of mixtures. All who have used this apparatus know 
that different results will be obtained when the time of the charge, 
mix and discharge eyele is varied in any manner, 


Mr. Marbury in his paper mentions the operation of his 
device at only one speed. It would be valuable to know what 
results would be obtained with some other cyele of charge and 
discharge and perhaps it would be possible to find some speed 
which will give results that would indicate more definitely the 
relative values of different types of insulating materials. 


W. A. Del Mar (communicated after adjournment): A 
century and a half ago, Franklin made a Leyden Jar with re- 
movable coatings and found that the charge adhered to the glass 
and not to the coatings. Until three years ago this experiment 
was regarded as proof that the electric charge was held by the 
dielectric. In 1922, however, Addenbrooke upset this theory by 
repeating Franklin’s experiment but taking special precautions to 
keep the surfaces of the glass absolutely dry, when he found that 
the charge adhered completely to the metal coatings. (Phil. 
Mag. 1922, Vol. 3, pp. 489 to 493). In Franklin’s experiments, 
the charge which appeared to be in the glass was really bound to 
the moisture films on the surface of the glass. 


2. A New Method for the Testing of A-C. High-Voltage Paper-Insu- 
lated Cables. A. 1. E. E. Journat, Vol. XLII, March 1923, p. 247. 


3. Abridged A. I. BE. E. Journat, Vol. XLIV, February 1925, p. 156. 
4. Curtis, H. L. Ball. Bur. Stds., Vol. 6, p. 441, 1911. 
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There is moisture within most insulation and it can hold 
charges when the coatings are discharged. They would dis- 
sipate slowly through the high resistance of the dielectric, giving 
rise to residual-charge effects. It is therefore not necessary to 
assume the movement of moisture to explain dielectric absorp- 
tion. The moisture merely acts as secondary or internal electrodes. 

Mr. DuBois explains the effect of moisture by assuming that 
it collects in threads, stretching between electrodes, absorption 
being due both to the mechanical energy required to build the 
threads and to their influence in promoting the Clerk-Maxwell 
effect by shunting parts of the dielectric. If this were correct, 
the presence of moisture in sufficient quantities to produce 
distinet absorption effects should materially lower the break- 
down voltage due to the short circuiting of parts of the insulation 
by these moisture filaments. This, however, is not the case, as 
tests with manila-rope paper impregnated with petrolatum show 
a distinetly higher dielectric strength when the paper is not 
dried prior to impregnation than when it is dried. 

Research work is now needed to determine definitely whether 
the Clerk-Maxwell effect holds quantitatively in the absence of 
moisture and whether the added effect of moisture can be ex- 
plained quantitatively by internal charges. If not, it will be 
time to look into the more complex theories that have been 
suggested. 


E. S. Lee (by letter): The methods of measurement of resid- 
ual voltagé are of long-time standing. The particular feature 
aascribed to Mr. Marbury’s instrument is that readings are 
obtained at intervals of 0.1 see. up to 1.1 sec. after the condenser 
has been discharged. The means adopted for doing this ex- 
cludes the usual caution that the condenser must be entirely 
discharged so that no residual charge remains for succeeding 
voltage applications. For this reason it would appear that re- 
sults obtained by the instrument described by Mr. Marbury 
would be a function of the instrument constants. 

Although not specifically stated, it would appear that the 
curves in Figs. 8 and 9 are obtained on comparable condensers. 
On the basis of this assumption it is interesting to note that the 
residual-voltage characteristics of an untreated-paper condenser 
during the drying (Fig. 8) are practically identical with the 
-residual-voltage characteristics of treated-paper condensers 
having values of power factor from 0.2 per cent to 0.5 per cent 
(Fig. 9). From a standpoint of voltage rating and effectiveness 
of operation, the untreated-paper condensers would in no wise 
compare with the treated-paper condensers. The similarity of 
residual-voltage characteristics for such dissimilar insulations 
indicates the limitedness of the residual-voltage curves as a 
eriterion for the effectiveness of insulation. 


While claims are made by Mr. Marbury that all tests to date 
indicate that the residual-voltage curves are of the greatest 
value, it is interesting to note that while nothing new is pointed out 
by the author resulting from these curves, there is a correlation 
made between these curves and the values of power factor of the 
condensers measured. It would appear, therefore, that the 
correlation between the residual-voltage curves and the life of the 
insulation is not different from what we now know as between 
power factor and life. 

R. E. Marbury: There are of course many causes of insula- 
tion losses, such as conduction losses, losses in the metal plates, 
and the so called hysteresis loss. The magnitude of the various 
losses depends a great deal on operating conditions; for example, 


on extremely high frequency the J? R losses in the metal plates . 


might be of great importance. On commercial frequencies such 
as 60 eyeles the hysteresis type of loss is of greater importance, 
since the other losses can be reduced to neglible figures very 
easily. There is every indication that at least the most impor- 
tant cause of this hysteresis effect is absorption. 

The long-transient residual curves have been observed for 
many years. It is quite common to receive a severe shock from 
a condenser after repeated attempts to discharge it. Maxwell’s 
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theory of absorption explained these long transients very well, and 
many investigators have plotted the residual voltage against time 
over long periods such as minutes, hours or even days after 
discharge. It can be easily shown mathematically that a con- 
denser will develop these residual voltages if the products R C for 
the various layers of insulation are not constant. 

It has been recognized for a long time that the residual phenom- 
enon of this type could not account for 60-cyecle losses, due 
to the short duration of charge on 60 eyeles, and that if 60- 
cycle loss was to be explained on this basis the same form of 
phenomenon would have to oceur at a high rate of speed. The 
latter would require some very low products R C as compared 
with the values capable of producing the common type of residual 
curves. In view of this, other more complicated theories of 
absorption were conceived, most of them admitting an actual lag 
in polarization. It is quite possible that there is a lag of this 
type but on 60 cycles it must be so slight as to be beyond measure- 
ment, and relatively unimportant from the point of view of losses. 

While the model condenser may be only a rough approxima- 
tion of a real condenser it may be used to a good advantage in 
discussing the phenomenon. Maxwell’s theory is very useful. 
A model condenser such as shown in Fig. 4 of the paper will give a 
residual curve as shown in Fig. 5. If the values R; and R, are 
increased, the time required for the residual to reach its maximum 
value increases. The time required for the model to reach its 
steady state on charging also inereases. The values Ri and R.may 
be varied over unlimited range but the nature of the residual curves 
will be always the same. If we use an actual condenser, which in 
reality is composed of many such models in parallel, and charge it 
for a long time, we will obtain a residual curve which may require 
hours to build up to its maximum value. If we repeat this, using 
shorter and shorter charging time, we will find that as the time of 
charging is reduced the residual reaches its maximum value sooner. 
As long as we ean continue reducing the charging time and obtain 
the same form of residual curves we are apparently correct in 
assuming that the cause of the residual is the same. - Since the 
condenser is composed of many values R, Ci, or Ry C2, and since 
it is easily shown that the smaller these products the more 
rapid is the residual transient, it naturally follows that as the 
charging time is reduced the lower products R C participate the 
most in producing the residual curves. The same may be said 
for long charging intervals until the charging time is long enough 
for the steady state to be reached for the largest products R C. 
If the charging time is augmented beyond this point the residual 
curve will not be affected. 


The dielectric lag meter was developed to measure the residual 


curves with very short charging periods. -The work that has been 


done has shown that the residual curves thus obtained are of the 
same type as with longer charging, thus proving that there are in a 
dielectric products RC which are low enough to explain 60- 
cycle losses, and that the only difference between these residual 
curves and those heretofore obtained is that they build up very 
quickly, as is to be expected. 

The principle of Maxwell’s theory need not be modified. 
However, certain secondary phenomena do exist. The resistivity 
does not remain constant with voltage apparently due to move- 
ment of moisture under the influence of the field. Furthermore, 
the lines of foree are not always perpendicular to the various 
materials, or to the metal electrodes, but become refracted in 
passing through media having different specific inductive 
capacities. 

Dr. Whitehead spoke of the inability of the lag meter to 
record the entire or true residual curve. If Dr. Whitehead 
considers the true residual curve as that which would be obtained 
if the condenser remained on charge untila steady state is reached, 
then the lag meter will not measure it. Such a residual would 
require hours to develop, and the charging time would be of the 
same order. As stated above, the special object in. view in the 
design of this device was to measure the residual that may be 
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secured with very short charging periods, or where the residual 
obtained is a function of low products R C. 

In the paper the charging period mentioned in several illus- 
trations is 1/10 see. It was not intended that this figure be 
considered as important, as the charging time may be varied 
over a wide range during any investigation. The duration of 
discharge may also be varied depending on the data desired. 

Dr. Whitehead mentions the effect of previous charge on 
residual curves, or in other words the “‘past history”’ of the dielec- 
tric. It is a fact, as can be readily shown, that if a dielectric 
is subjected to a routine charge and discharge a cyclic condition 
is quickly reached where the residual curves will repeat them- 
selves very accurately for each charge and discharge, and the 
effect of previous charge disappears. With the lag meter this 
cyclic condition is reached long before the first reading can be 
taken, and in any ease the galvanometer could not be balanced 
until this condition existed. 


A graphie cheek on the results that may be obtained in so far 
as accuracy is concerned may be shown as follows: 


Take the case of a model condenser such as shown in Fig. 4, 
but having the following values: 


C, = 1.89 microfarads, C, = 3.11 microfarads, 
R, = 796,000 ohms, R» = 4000 ohms. 


It would be desirable to use for C,; and C, perfect condensers, 
that is condensers having no residual of their own; otherwise the 
formula would not hold perfectly. The condensers used were 
not perfect but had a residual which was small compared to the 
residual caused by the model. 


If we charge this condenser for a time T at a voltage Vo, 
the voltage being applied instantaneously, and then discharge it 
through an infinitely small resistance, the connection being left 
for an infinitely short time, we find mathematically that the 
residual voltage V at any time ¢ after discharge follows the 
formula 


Ri + Re 


RC, — R2Ce Rio 


if 
ee ee ee) a 
(Ci + C2) (Ri + Re) 


V=V. 


t t 
e (Ria)_¢ Ree 


Calculating the residual on the above basis and using 100 volts 
for V, and 0.07 sec. for 7 we obtain the dotted curve shown 
herewith in Fig. 3. 


The solid curve in Fig. 3 was made on the same model using 
the lag meter but with a discharge resistance of 10 ohms left on 
for 0.0003 see. If the two condensers C; and C2 had been ideal 
condensers the curves would have practically checked. 


Mr. DuBois states that the moisture films are elongated 
by the field sufficiently to bridge a part of the dielectric. He 
states that the current probably disrupts these paths and causes 
the unproportionality of residual to applied voltage. 


It might be added that while this phenomenon may exist under 
certain conditions there is a movement of moisture that takes 
place very quickly. Probably the moisture movement that 
causes the shape of curve Fig. 10 in the paper is of a different 
nature from that Mr. DuBois has in mind. To illustrate this 
Fig. 4 is given herewith. This shows five residual curves made 
on the same condenser but with different charging times from 
0.0014 see. to 0.07 sec. When the charging time in this par- 
ticular case exceeded 0.0035 sec. the curve took on a saturat- 
ing shape. This became quite marked at a time of charging of 
0.0065 see., and the curve became almost horizontal with a 
charging time of 0.07 see. This shows that a certain time is 
required for the moisture movement to take place. It is even 
more interesting to note that Curves A, B, C, D, EZ, may be made 
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in any order and the same curves obtained, or any one curve may 
be made with increasing or decreasing voltage. This shows the 
wonderful accuracy of movement of the moisture, and suggests 
a movement within the limit of the surface-tension restoring 
force, rather than an extensive elongation and volatization as 
suggested by Mr. DuBois. If the condition exists as described 
by Mr. DuBois it would probably not repeat itself so accurately. 

In reply to Mr. Davidson, residual-voltage curves as shown in 
Fig. 10 of the paper are made as follows. . As far as balancing is 
concerned the lag meter is operated in the same way as when 
taking a residual curve as it builds up with time. The time- 
setting switch is left on one point and the residual thus obtained 
for this given time after discharge is plotted against applied 
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voltage. Another way of course would be to run complete 
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residual curves as in Fig. 9 for different applied voltages, then 
take the residual values corresponding to any desired time and 
replot against applied voltage. The same curve would be obtained 
of course in either case. The applied voltage was variedjby 
means of a three-point rheostat having such characteristics as 
not to affect the results. If there were an effect of this kind the 
straight line as in Fig. 6 could not be obtained, nor would|the 
straight lines as in Fig. 4 herewith be possible. 
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- Voltage Applied = 100 
Duration of Discharge= 0.000293 Seconds, 
Test Made on an Unimpregnated Condenser 
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1 | 
A=Time of Charge 0.07 Seconds — 
B=Time of Charge 0.027 Seconds 
C=Time of Charge 0.0065 Seconds 
D=Time of Charge. 0.0014 Seconds 
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Mr. Davidson mentioned the difficulties experienced in 
attempting to test cables by the charge-and-recovery scheme, 
owing to the large amount of energy handled. With the lag 
meter it is possible to read residual voltages as low as 0.1 volt 
with accuracy. There is no need, therefore, to use more than 
100 volts. The lag meter works very satisfactorily on condensers 
having capacities as high as 10 microfarads. By slight ad- 
justments it works equally as well on 100 microfarads. 

Mr. Davidson asked how one could be sure that the discharge 
resistance was of the proper value, or if the discharge time was 
correct. This paper was written to describe the principle of 
measurement rather than the actual details and physical nature 
of absorption. It is possible that we may later have some 
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thoughts to offer on the subject of absorption in the light of data 
being obtained. Shortly after the contact drum described in the 
paper was made, a new drum was made which made possible 
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!— Residual Measured 0.0875 Seconds after Discharge e Each Case 
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a wide range of variation of time of charge, discharge, and the 
values of time following discharge were made smaller. This 
new drum was arranged so that the first point on the residual 
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curve was only about 0.00035 sec. after discharge. This made it 
possible to observe at once if the condenser was discharged to 
practically zero. 

In reply to Mr. Kouwenhoven regarding the speed, the speed 
may be changed at will by changing the worm-gear ratio on 
the driving mechanism. The speed which has been found of 
greatest value is such as to permit a charging time of 0.0025 
to 0.07 see. 

Mr. Delmar refers to some of the more complicated theories of 
absorption, many of which assume an actual lag in polarization. 
Maxwell’s theory will hold wherever the product RC is not 
the same throughout the entire mass of material. We have only 
to show that in a dielectric there are products R C low enough to 
cause or explain 60-cycle losses. The lag meter has proven 
the existence of low products R C by the fact that with it, it 
is possible to record residual curves which build up to their 
maximum value in short spaces of time. Fig. 5 herewith gives a 
few such curves which show definitely the existence of such a 
condition. 


Mr. Lee has ealled attention to the comparison between 
eurves Fig. 8 and Fig. 9, stating that the residual is as high 
on the impregnated condenser as before. The statement that a 
condenser having power losses of the order of 0.5 per cent has 
higher residuals as shown by curve No. 5 Fig. 8 is incorrect. It 
should read Fig. 9. No comparison can be drawn directly 
between Figs. 8 and 9, as far as values of residual are concerned. 
Curves 1, 2,3, 4 and 5 of Fig. 9 bear a relation to 60-cycle losses. 


Separate Leakage Reactance of ‘Transformer 
Windings 


BY? OnG? C..DAHL: 


Associate, A. I. E. E. 


Synopsis.—The paper discusses a method for determining the 
separate leakage reactances of transformer windings, originally 
suggested in 1921 by W. V. Lyon.? The method is applicable only 
to three-phase banks of three identical transformers, and makes use of 
the third harmonic electromotive force and current which are intro- 
duced into the windings by the inherent magnetizing characteristics 
of the iron. Attempts made to determine the separate leakage re- 
actances of a single transformer did not méet with success. 


The method may be used both. with “‘two-winding”’ and ‘‘multi- 
winding’ transformers. However, it is particularly convenient 
when the transformers have more than two windings. 

Laboratory tests have been made on small experimental, two- 
winding and three-winding transformers, and field tests on a bank of 
three-winding power transformers. The results in each case warrant 


‘the conclusion that the separate leakage reactances may be obtained 


with sufficient accuracy for engineering purposes. 


‘ INTRODUCTION 


HE separate leakage reactances of transformer 
windings cannot be calculated with accuracy. 
The standard formulas found in textbooks on 
principles and design of transformers are all based on 
broad assumptions in regard to the distribution of the 
leakage flux, and may easily give results which are in 
error to a considerable extent.. Furthermore, it seems 
to be doubtful whether more rigorous and reliable 
formulas are capable of being developed. 
So far, no method has been available for experimental 
1. Instructor Electrical Engineering, Mass. Inst. Tech., 


Cambridge, Mass. 


Presented at the Annual Convention of the A. I. EH. E., 
Saratoga Springs, June 22-26, 1925. 


determination of the individual leakage reactances. 
It is easy to obtain the equivalent leakage reactance by 
a short-circvit test, but when it comes to assigning 
proper fractions of this reactance to the separate wind- 
ings, difficulties are encountered. Usually the equiva- 
lent reactance is split equally between the two windings. 
This procedure, however, is frequently far from correct 
although often the only one which can be resorted to. 
The purpose of this paper is to present a method, 
originally suggested in 1921 by W. V. Lyon,’ by which 
the separate leakage reactances of transformer windings 
may be determined experimentally. This work was 
done as an introduction to a general study of trans- 
former harmonics undertaken in the Electrical Research 


2. Massachusetts Institute of Technology. 
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Laboratories of the Massachusetts Institute of 
Technology.’ 

The theory of the method is briefly discussed and 
data and results as obtained from tests on three small 
experimental transformers are given. 

The method has also been applied with success to a 
bank of three 2100-kv-a., 110,000/22,000/2300-volt 


transformers.* 
CONCEPTION OF LEAKAGE REACTANCES 


The mutual flux in an iron-core transformer is 
usually considered to be exclusively confined to the 


core. This assumption is not entirely rigorous. Evi- 
TN GG 
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Fie. 1—F.iux Distrisution (Very APPROXIMATE) WHEN THE 


INNER Cort (1) CARRIES CURRENT 


dently part of the flux which the current in any one coil 
sets up in the air will produce linkages with the other 
coils and hence be a mutual flux in the true sense of the 
word. 

All fluxes which have their entire path in air are pro- 
portional to the current producing them. This is true 
also for fluxes which only partly exist in the air, since 
the reluctance of the iron path is insignificant as com- 
pared to the reluctance of the air path. 


Fig. 1 roughly illustrates the fluxes when the inner 
coil (1). carries current. As seen, a small part of the 
flux set up in the air will link with turns of-coil (2) and 
produce a voltage in this coil in addition to the voltage 
produced by the flux in the core. This additional 
voltage will be in time quadrature with the current in 
coil (1). 

Fig. 2 represents a two-winding transformer with 
both windings carrying current. Considering voltages 
and currents of a single frequency only the vector 
equations tor the voltage drops in the two windings may 
be written: 

3. Some results of these researches have been incorporated in 
the author’s report, ‘“Transformer Harmonies’, published in the 
report of the Inductive Coordination Committee of the National 
Klectrie Light Association in June 1928. 


4. See the paper ‘‘Transformer Harmonics and Their 
Distribution.” 


DAHL: SEPARATE LEAKAGE REACTANCE 


Transactions A. I. E. E. 


Vi=Rilitjohh+joMnl, (1) 
Ve.=Relz+tjoleI.+joMal, (2) 
since the permeability of the iron is a function of the 
instantaneous flux density and hence of the instantane- 
ous current, the self and mutual inductances will be 
some function of the current. On the contrary, the 
inductances which are due to fluxes in the air will be 
constant. ; 

The flux in the core itself contributes the part, Mc, of 
the mutual inductance. Introducing this quantity, 
the two equations above may be rewritten in the 
following form: 

V,=R,1,4+)7 9 dy — Me) I, +9 w (My, — Moc) I, 
V5 = epels +) (69) (Le = Mc) Hs + 9 (69) (M1 = Mc) di 
t+iaMce(1,+ 12) (4) 

In equation (3), L; — Mcisa constant inductance due 
to all the flux in the air set up by the current in coil (1). 
It is the “self leakage inductance” of this coil. 
M,. — Mcis the constant “mutual leakage inductance” 
of coil (1). The term j wMc(JI, + Is) evidently 
represents the voltage induced in coil (1) by the flux 
which exclusively exists in the core. The correspond- 
ing quantities in equation (4) may be similarly inter- 
preted with reference to coil (2): 


Introducing 

Xn = w (Ll, — Mc) (5) 
Xo. = w (Le — Mc) (6) 
Xi = Xa = wW (My — Mc) = w (Ma, — Mo) (7) 
Eye = Hyg = j'@ Me Tit In) (8) 
equations (3) and (4) reduce to 

Vi=F, + hitygoxXwht+joXxids (9) 
Ve. = En + (Re +7 wXee)le+jowoXals (10) 


Neglecting the exciting current, the primary and 
secondary currents are equal and opposite and the 
equivalent impedance drop V; — V2 becomes 


Vi- Vs [Ry +7(Xu — Xp )] te 
+7 (Xo2 — Xo )] I, 
(iy +9 Xi) fv (Ry + 7X2) I: 
=[Ri+R, +9 (Xi +X.) 4th 
= (Rk. +j Xe) ti (11) 


The reactances, X, and X., are the true leakage 
reactances of windings (1) and (2), respectively, with 
respect to the other winding. The relative aspect of 
the leakage reactances should be carefully noted. The 
leakage reactance of a winding is not a quantity which 
is dependent upon and characteristic of that winding 
alone; it must, of necessity, be defined with respect to 
some other winding. This fact becomes particularly 
important in multi-winding transformers. Thus in a 
transformer having three windings designated Nos. 1, 
2 and 3, the leakage reactance of winding No. 1 with 
respect to winding No. 2 will be in general different 
from the leakage reactance of the same winding with 
respect to winding No. 3. 
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In the following the true leakage reactance will be 
termed the leakage reactance and the mutual leakage 
reactance will be called the mutual reactance. 

The relative magnitude of the leakage and the mutual 
reactance of a winding depends upon the spacing and 
arrangement of the coils. If the spacing is large the 
mutual reactance is small and in some cases may even 
become negligible. 

The standard short-circuit test gives the equivalent 
leakage impedance of any two windings of a trans- 
former. Equation (11) expresses short-circuit condi- 
tions when Vis zero. Fig. 3 shows the vector diagram 
of a short-circuited transformer, the exciting current 
being neglected and the primary vectors being rotated 


EicsEg, HE VY, 


Fia. 
FORMER, 


3—VecTor DiaGRAM oF A SHORT-CIRCUITED TRANS- 
SHowine Resistance, LEAKAGE REACTANCE AND 
Murtuat Reactance Drops 


through 180 deg. Both leakage reactance drops and 
mutual reactance drops are indicated on the diagram. 


EXPERIMENTAL DETERMINATION OF SEPARATE LEAKAGE 
REACTANCES 


a. General. The experimental method by which the 
separate leakage reactance of the windings of a trans- 
former may be determined makes use of the third 
harmonic component which inherently exists in the 
magnetizing current of a transformer when a sinusoidal 


voltage is impressed. The method is applicable only | 


when a three-phase bank of three identical trans- 
formers is available. Attempts made to determine the 
leakage reactance of a single transformer did not meet 
with success. 

The principle of the method is as follows: If sinusoidal 
voltages are impressed on a Y-A-connected bank of 
transformers, the third harmonic component of the 
magnetizing current will be confined to the delta where 
it appears as a circulating current. If the transformers 
are perfectly balanced and there is no external load on 
the secondary, no current other than the third har- 
monic and its multiples can exist in the delta. 
the ninth and fifteenth harmonics, ete., are negligible 
and need not be considered. The third harmonic 
electromotive force induced per phase of the delta is 
just balanced by the triple frequency impedance drop 
due to the circulatory third harmonic current. The 
problem is then to measure with precision the proper 
third harmonic electromotive force and current, which, 
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by simple division, will give the desired triple frequency 
leakage impedance. 

b. Two-winding Transformers. The bank is con- 
nected Y-A and balanced sinusoidal voltages impressed. 
The third harmonic current in the delta and the third 
harmonic electromotive force per phase on the primary 
side are recorded. The latter is most practically ob- 
tained by connecting a Y-connected resistor bank be- 
tween the lines and measuring the voltage between the 
resistor and transformer neutrals. 

If the generator is Y-connected and its phase voltage 
is free from a third harmonic (and multiples), the bank 
of resistors may be omitted and the voltage measured 
between generator and transformer neutrals. No 
commercial Y-connected generator, however, is entirely 
without a third harmonic component in its voltage to 
neutral, so this method is scarcely of practical interest. 

As a rule, it will be necessary to take oscillographic 
records and take out the third harmonics by analysis. 
While the current in the delta is sensibly third har- 
monic, a fundamental and also other harmonics are 
unavoidable between the two neutrals if even the 
slightest unbalance in the impressed voltages, the re- 
sistors or the transformers themselves is present. 

The diagram of connections and the third harmonic 
vector diagram are given in Fig. 4 and Fig. 5, respect- 
ively. One to one ratio of transformation is assumed. 


Fig. 4—Dr1aGgram or ConNECTIONS FOR LeAKAGE IMPEDANCE 
Trst on Two-WINDING TRANSFORMER 
\ ve 
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INVOLVED IN THE ‘‘Two-WINDING MrtHop”’ 


If the transformers have another ratio, the quantities 
in the various equations given below should all be re- 
ferred to the same side. 

If R is the resistance of the resistors per phase, r 
the resistance of the voltmeter, and L,,,,’’’ the third 
harmonic voltage between the neutrals, then 


Bes — ane (1 + ) (12) 


37 

This voltage is the vector sum of two components. 
One component (H,,’’’) is induced in each primary 
winding by the triple frequency flux (¢,’’’) in the core. 
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‘I'he second component (—7 X12’’’J,’’’) isinduced by the 
part of the third harmonic flux in the air which produces 
linkages with the primary winding. Hence from equa- 
tion (10), considering voltage rises, 
ee = DP ed — 9X40!" I,/"" — Ee SX yee (13) 
The triple frequency leakage impedance and react- 
ance of the secondary windings are now found by 


Zt bar iN ge 14 
2 — Whyte ( ) 
BEE Se NO ANA) ee ig (15) 


This X,’”’ is a true triple frequency leakage reactance. 
By repeating the measurements with the original pri- 
mary winding as secondary and vice versa, the leakage 
reactance of the other winding may be found in a similar 
manner. Dividing the triple frequency reactances by 
three, the fundamental reactances are found. 

Having determined the individual leakage reactances, 
the equivalent impedance of the transformer becomes 
(1 to 1 ratio assumed): 

Ze = V (Ri + Re)? + (Xa' + Xs’)? — (16) 

This value should, if correct, check the short-circuit 
impedance of the transformer to at least engineering 
accuracy. 

c. Three-winding Transformers. When the trans- 
formers have more than two windings, a more con- 
venient method may be used which eliminates the neces- 
sity of establishing the artificial neutral on the pri- 
mary side. As before, the primaries are Y-connected, 
while the other two windings are A-connected. One 
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6—D1aGRAM OF CONNECTIONS FOR LEAKAGE IMPEDANCE 
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Fie. 7—Vecror Diagram or TuirpD HARMONIC QUANTITIES 


INVOLVED IN THE ‘“‘THREE-WINDING MrerHop”’ 


delta is closed and the circulating third harmonic cur- 
rent in it recorded. The other delta is not closed; 
the third harmonic voltage appearing across the open 
corner of this delta may therefore be measured and 
will for balanced conditions be equal to three times the 
third harmonic electromotive force per phase. Re- 
cording these two quantities makes it possible to deter- 
mine the leakage reactance of the closed delta winding 
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with respect to the open delta winding. In many 
eases oscillographic records are unnecessary when the 
transformers are well balanced, as both the voltage and 
the current will be sensibly third harmonic. 

The connections are shown in Fig. 6 and the third 
harmonic vector diagram in Fig. 7. 

Solution of the vector diagram exactly as in the pre- 
ceding case gives the leakage reactance of winding No. 3 
with respect to winding No. 2. By repeating the meas- 
urements with changed connections, the other in- 
dividual reactances are obtained. 

It is beyond the scope of this paper to discuss how the 
separate leakage impedances in a three-winding trans- 
former may be combined for the purpose of calculating 
load division, ete., between the various windings when 
they all carry currents. 


EXPERIMENTAL WORK 
a. Apparatus. Fig. 8 shows one of the test trans- 
formers used for the experimental work in the Electrical 
Research Laboratories of the Massachusetts Institute 


Fic. 8—Corz-Typr EXprerRIMENTAL TRANSFORMER USED IN 
THE TrEstTs AT THE MassacuusEtts InNstTituTE oF TECHNOLOGY 


of Technology. Three transformers of this type were 
used, the approximate rating of each being two kw. 

The cores, built up of silicon steel laminations with 
lap joints, are firmly held together by wooden frames 
with through-going brass bolts. The dimensions of 
each lamination are 8 in. by 1% in. by 0.014in. The 
gross thickness of the cores is 2 in., giving a gross cross- 
sectional area of 3 sq. in. (19.86 sq. cm.). Assuming 
95 per cent lamination factor, the net area becomes 2.85 
sq. in. (18.4 sq. em.). 

There are four coils on each leg, numbered 1, 2,3, and 
4, in the order of their proximity to the core. Each 
coil consists of 100 turns, double cotton covered copper 
wire, wound in two layers with the thickness of the 
insulation only between layers. Coils No. 1 and No. 2 
are wound with No. 12 B. & S. wire and are separated 
by the thickness of the insulation only. Coil No. 8, 
also of No. 12 wire, is spaced 34 in. from coil No. 2, 
beind supported by square wooden spacers. Coil 
No. 3 has wound with it a search coil of No. 24 wire, 
which is designated as coil No. 4. 
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Both ends of each coil are brought out to binding 


posts on a fibre terminal board. During most of the 
tests the corresponding coils on the two legs were con- 
nected in series, forming windings of 200 turns. 
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Fig. 
MENTAL ‘T'RANSFORMERS. THe CurRVES SHOW THAT THE 
TRANSFORMERS WERE WELL BALANCED ELECTRICALLY 


The transformers were well balanced electrically. 
This is apparent from Fig. 9, which shows curves of the 
exciting currents of the three units as obtained from 
single-phase tests with a sinusoidal voltage impressed. 

As source of power a three-phase, 60-cycle, 5-kw., 
230-115-volt sine-wave generator was used. This 
generator gave a very staisfactory wave shape at all 
balanced loads. 
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¥-4 Connection Approx 
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Fie. 10—Osci~LoGrRam FROM LEAKAGE IMPEDANCE TEST ON 
Two-WINDING TRANSFORMER. CrrcuIT CONNECTIONS SHOWN 
In Fie. 4. 


No.8 Voltage Primary 
¥-A Connection Approx. Neutral to Neutral of Resistor Bank 
Brax.-14,300 Gausses .Winding 
No. 3 Primary, Winding 
No.1 Secondary 


Current in sec. Delta 


- Fie. 11—OscrntoGrRaM FROM LEAKAGE IMPEDANCE TEST ON 
Two-WINDING TRANSFORMER. Circuit CONNECTIONS SHOWN 
IN Fie. 4 


Vacuum thermocouples were used for the measure- 
ments whenever it was necessary to record voltages 
without drawing appreciable current, and also in order 


to measure currents in circuits where commercial am- — 


meters would cause serious disturbance in existing 
conditions. Either shunt or series resistance was 
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used in the heater circuit in order to adapt the thermo- 
couple to any desired range. A microammeter was 
used as indicator in the circuit of the thermo-element. 

6. Test Results. Figs. 10 and 11 show two of a 
series of oscillograms when the ‘‘two-winding”’ test was 
applied to the experimental transformers. Fig. 10 
was taken while the winding designated No. 1 was used 
as primary, winding No. 3 being secondary. In Fig. 11, 
winding No. 3 was primary, No. 1 secondary. The 
spacing between these two windings is large enough so as 
to make the mutual effect of the air fluxes small. 

The necessity of using oscillographic records when 
this connection with artificial neutral on the primary 
side is used is best illustrated by the curves (Fig. 12) 
which give the triple frequency leakage impedance of 
coil No. 1 and coil No. 3 as computed directly from 
meter readings. According to these curves the leakage 


3.5 


TRIPLE FREQUENCY APPARENT IMPEDANCE 


135 


120 
FUNDAMENTAL VOLTS INDUCED 


60 80 100 


Fig. 12—Tue Curves SHow THE “APPARENT” LEAKAGE 
IMPEDANCE AS OBTAINED FROM MertEeR READINGS ALONE 
Using THE CONNECTIONS SHOWN IN Fic. 4. THE “APPARENT” 
VARIATION WITH SATURATION IS MAINLY DUE TO A PRONOUNCED 
FUNDAMENTAL VOLTAGE OF VARYING MaGNnitTuDE IN ADDITION 
To THE THIRD HARMONIC BETWEEN THE TRANSFORMER AND 
Resistor Neurrats. HeENncr IT IS IN GENERAL NECESSARY 


‘TO TAKE OSCILLOGRAPHIC RecorDS WHEN ARTIFICIAL PRIMARY 


NEUTRAL IS USED. 


impedances apparently vary with the saturation, which 
in reality is not the case. The apparent variation is 
mainly due to a pronounced fundamental voltage of 
varying magnitude in addition to the third harmonic 
between the transformer and resistor neutrals (see 
Figs. 10 and 11). 

Tables I and II give the data and results from this 
test performed at four values of flux density. The 
oscillograms were analyzed for their third harmonic 


components, the current waves by the 5-ordinate, and 


the voltage by the 11-ordinate schedule method. It 
will be noticed, however, that the current, without 
appreciable error, might have been taken directly from 


the meter readings since it appears to be practically 


5. Part of the given experimental data were recorded by 
W. J. Miller, formerly of the Massachusetts Institute of 
Technology. 
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TABLE I 
Approx. Amperes Volts Ohms Resistance 
flux Volts induced in winding No. 2 in between in metering 
Oscillogram density - delta neutrals circuit . 
Connections No. (Gausses) Unit A Unit B Unit C IA Enn RmA 
ri 
Cher 1 9200 90.0 90.0 89.0 0.339 0.645 1.34 
atte 2 11200 110.0 110.0 109.0 0.670 1.120 1.25 
wo Ap, 
Baad 3 12800 125.0 125.0 124.3 1.270 1.980 1.14 
Ter > 
E as 4 14300 140.0 140.0 139.3 2.470 3.885 0.89 
or) u 
ons 5 9200 90.0 90.0 89.0 0.330 0.972 1.45 
A 8 4 6 11200 110.0 © 110.0 109.3 0.710 1.240 1,25 
We ny, 
Agx e 7 12800 125.0 125.0 124.0 1.330 1.620 1.25 
Oo. 
lee: 8 14300 140.0 140.0 139.0 2.670 2.300 1.00 
TABLE II 
Total third Third 
Third Third harmonic Resistance of Total harmonic Average 
harmonic harmonic impedance delta resistance reactance third 
e. m. f. per current in per phase winding per phase per phase harmonic 
Oscillogram phase delta of delta per phase of delta of delta reactance 
Connections No. Bee DAY Zi” R R; Bgl D gaie 
ony 1 0.521 0.339 1.537 0.466 0.913 1.235 
og Z 17023) 0.670 1.530 0.466 0.883 1.249 
og 2 
EER 3 1.922 1.270 1.513 0.466 0.846 1.254 
Se + 3.855 2.470 1.560 0.466 0.763 1.360 1.275 
5 - 
oa" 5 0.282 0.329 0.858 0.284 0.767 0.384 
VAs 
ams 6 0.598 0.710 0.842 0.284 0.701 0.466 
cA ; 
ges 7 1.085 1.330 0.816 0.284 0.701 0.417 
n° 8 1.970 2.660 0.741 0.284 0.617 0.410 0.414 
ar 


third harmonic. . Inspection shows that the maximum 
difference between any single value of the third har- 
monic leakage reactance and the average is about 
10 per cent. 

The leakage reactance of winding No. 3 was also 
found by the ‘‘three-winding method.” Fig. 13 shows 


Primary Line Current 


Voltage across openA Current in closed A 


Fie. 13—OscittogrRam FROM LEAKAGE IMPEDANCE ON 
THREE-WINDING TRANSFORMER. Crrcurrt CONNECTIONS SHOWN 
IN Fie. 6. 


one of the oscillograms, while Table III gives the data 
and results from this test, which also was performed at 
four densities. It will be noted that the test gives the © 
leakage reactance of winding No. 3 with respect to 
winding No. 2. Windings No. 1 and No. 2, however, 
were so close together that the leakage between them 
was entirely negligible; hence the leakage reactance of 
winding No. 3, with respect to winding No. 2, coincides 


with the leakage reactance of winding No. 3 with re- 
spect to winding No. 1. 

As seen from the oscillogram, the current in delta No. 
3 1s practically a pure third harmonic, while the voltage 
across the open corner of delta No. 2 is very nearly 
third harmonic. It appears from Table III that the 
discrepancy between results obtained from wave 
analyses and those obtained directly from meter read- 
ings is only about 3% per cent. 

It will also benoted that this method gives much more 
consistent results than the Y-A method with artificial 
neutral point on the primary side. The four values of 
the leakage impedance are practically coinciding. 

The value of the triple frequency leakage reactance of 
winding No. 3 from this test, is 1.336 ohms as com- 
pared with 1.275 ohms from the other test. The 
difference between the two is about 414 per cent. 

Since more consistent results are obtained in this 
test, the larger value of X;’’’ is assumed to be the 


better one. Using then 
X,'" = 0.414 ohm 
Xa) = 1.886. ohms 
- the fundamental reactanees become 
X,;’ = 0.138 ohm 
xX; = 0.445 ohm 
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The average short-circuited impedance of windings 
No. 1 and No. 8 obtained from a series of short-circuit 
tests on all transformers is 1.023 ohms, and the ohmic 
resistances, measured directly after the short-circuit 
tests, are 0.308 ohm and 0.513 ohm for windings No. 1 
and No. 3 respectively. It will be noticed that these 
resistances are slightly larger than those used in the 
tables. This, of course, is due to the fact that the 
transformers became heated during the short-circuit 
tests, while the current during the other tests was en- 
tirely too small to cause any appreciable temperature 
rise. 

Using the individual reactances in connection with the 
hot resistances gives for the equivalent impedance: 


Z.' = »/ (0.308 +0.513)? + (0.188 + 0.445)? = 1.007 ohm 
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ated by the field tests previously referred to on the 
bank of three 2100-kv-a., 110,000/22,000/2300-volt 


transformers. 
LIST OF SYMBOLS 
V = Terminal voltage 
EH = Induced voltage 


Ec = Voltage induced by flux in the core 

EH, = Voltage across the corner of an open delta 
winding 

1% = Current 

I, = Circulatory current in a closed delta winding 

g@c = Flux exclusively confined to the core 


Rn» = resistance in the corner of a closed delta winding 
Subscripts attached to the above symbols refer the 


TABLE III 
Third Third 
Volts Volts Amperes Ohms Obms harmonic harmonic Ohms 
Approx. induced across in impedance resistance volts amperes impedance 
flux in winding open closed EAs in metering across in closed Eao!”’ 
Oscillogram density No. 2 delta delta pr circuit open delta delta zed aR 
Connections | Number Gausses E2 EA TSE ae RiaNs Eno!” TMs Wa 
wo” 
AA) 137 13100 128.0 6.10 1.310 1.552 0.66 5.88 1.308 1.500 
4 
sae 138 13800 135.0 8.32 1.785 1.554 0.66 8.02 1.781 1.501 
® 
gas 139 12300 121.0 4.60 0.987 - 1,553 0.66 4.43 0.984 1.502 
Oo 
set 140 11300 111.0 3.22 0.691 1.554 0.66 3.10 0.689 1.500 
AN 
En Eq 
Average = 1.553 ohms Average —=————. = 1.501 ohms Discrepancy = 3.46 per cent. 
3 In 3 Iya’ 
Average X3/" = ¥ (1.501)? — (0.466 + 0.66)2. = 1,336 ohms 


The discrepancy between the two equivalent im- 
vedances is 


1.023 — 1.007 


1.023 100 = 1.56 per cent 


SUMMARY 


The paper has presented a method for experimental 
determination of separate leakage reactances of trans- 
former windings. It is applicable only to three-phase 
banks of identical transformers and is based on simul- 
taneous measurements of a third harmonic current and 
the third harmonic electromotive force producing it. 

The method can be used both with two-winding and 
multi-winding transformers. It is particularly conve- 
nient, however, when the transformers have more than 
two windings since the necessity of establishing an 
artificial neutral point on the primary side is eliminated. 
Furthermore, oscillographic records are less important 
in this case due to the fact that the quantities measured 
are very nearly of triple frequency when the trans- 
formers are well balanced. Meter readings alone will 
therefore often be sufficient. 

The experimental data from the tests in the Electrical 
Research Laboratories of the Massachusetts Institute of 
Technology, which have been reproduced, show that 
the obtained results are consistent and accurate enough 
for engineering purposes. This was also substanti- 


quantities to the particular winding designated by the 
subscript. 
EHnn = Voltage between resistor and _ trans- 
former neutrals 
R = Resistance of resistors per phase 
r = Resistance of voltmeter 


R,, R, = Resistance of windings No. 1 and No. 2 
L,, L. = Self-inductance of windings No. 1 and 
. No. 2 
M,. = M., = Mutual inductance between windings 
No. 1 and No. 2 
Mc = Mutual inductance due to flux in the 
core 
X41, Xo. = Self-reactance of windings No. 1 and No. 2 
Xi. = X2; = Mutual reactance of windings No. 1 and 


No. 2 
X.:, X_, = Leakage reactance of windings No. 1 and 
No. 2 with respect to some specified 
winding 
R. = Equivalent resistance of two windings 
X, = Equivalent reactance of two windings 
w = 2x7 f = Angular velocity 
Several of the above quantities are different for the 
various harmonics. Primes attached to these quanti- 
ties indicate the order of the harmonic. 


Discussion 
For discussion of this paper see page 810. 


Transformer Harmonics and Their Distribution 
BY O. G. C. DAHL* 


Associate, A. I. E. E. 


Synopsis.—This paper discusses briefly the distribution of 
harmonics in single-phase transformers and in three-phase banks 
of single-phase transformers. Two-winding transformers or three- 
winding transformers, where the harmonic current exists in two 
of the windings only, are considered. : 

Formulas for the distribution of harmonic currents between 
primary and secondary circwits are given. 


INTRODUCTION 


URING the last few years an investigation of the 
DD general subject of transformer harmonics has 
been undertaken by the Research Division of 
the Electrical Engineering Department, Massachusetts 
Institute of Technology. In a concurrent paper, the 
writer, who has been intimately associated with the 
various phases of this research, has discussed a method 
for experimental determination of the separate leakage 
reactances of transformer windings. 

The purpose of this paper is to give a brief discussion 
of the problem of transformer harmonics and their 
distribution between primary and secondary circuits. 
Some data from laboratory tests on small experimental 
transformers and also some data and results from tests 
on a bank of three 2100-kv-a., 110,000/22,000/2300- 
volt transformers are presented. 


SINGLE-PHASE TRANSFORMERS 

It is a well-known fact that when a sinuoidal voltage 
is Impressed upon a single-phase transformer the 
exciting current that it takes will be non-sinusoidal. 
The number and magnitude of the harmonics which 
the exciting current contains depend upon the charac- 
teristics of the iron and the maximum density at 
which it is operated. 

The third harmonic is generally by far the most 
prominent, while usually an appreciable fifth also is 
present. Higher odd harmonics are also easily traced, 
but their magnitude is, in general, very small. These 
higher harmonics are, therefore, of minor importance 
as far as the operation of the transformer is concerned. 
At normal saturation the fundamental is about 90 
per cent, the third harmonic about 45 per cent, and 
the fifth harmonic about 15 per cent of the equivalent 
sinusoidal exciting current. The percentage harmonics 
increase with the flux density as long as this is not 
forced up to abnormal values. At such abnormal 
saturations the percentage harmonics may be expected 
to decrease. 

In the discussion of distribution of harmonics which 
follows, the third harmonic alone is mentioned and the 
equations have been established for this harmonic. 
~ *Massachusetts Institute of Technology. — 
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Data and results from tests on small experimental transformers 
in the Research Labcratories of the Electrical Engineering Depart- 
ment, Massachusetts Institute of Technology, and also from field 
tests on a bank of power transformers and a transmission line, 
have been reproduced. 

Both in laboratory and field tests calculated and measured values 
check to engineering accuracy. 


It should be noted, however, that in single-phase con- 
nections all harmonics follow the same laws and what 
is said in regard to the third harmonic will hold for 
any harmonic. 

Consider the third harmonic components in the 
transformer circuit shown in Fig. 1. In general, 
third harmonic currents will flow in the secondary 
as well as in the primary circuit. 

The voltage of the generator is assumed to be strictly 
sinusoidal. Since third harmonic currents exist they 
must be produced by triple frequency electromotive 
forces. Being sinusoidal, the impressed voltage cannot 
directly give rise to third harmonic currents. Hence 
the triple frequency electromotive forces are generated 
by a triple frequency flux in the iron core. Assuming 
unity ratio of transformation, or referring all quantities 
to the same side, the third harmonic electromotive 


si i . 


Fig. 1—Loaprep Sineue-PHase TRANSFORMER 


forces induced in the two windings by this flux are 
equal in magnitude and phase. The following equa- 
tions inter-relate the third harmonic quantities: 

Van pag a Vie) =e i Zy'"'-) Xt e Te 


(1) 
Vil" =f!" Ze ee VA lea ee Tr" 

(2) 
fecal: mt R, a5) (Xe mid Me) (3) 
Zon tt as Rs 4+ 4 (O.CNGE 4 of ae) (4) 


The symbols used in these equations have the follow- 
ing meaning: 
E,,/"’ = E,,/" = third harmonic electromotive forces 
induced in the windings by the 
flux in the core 


V,'"'", V.’'’ = third harmonic terminal voltages - 
Date eg = third harmonic currents 
Ziui''', Zoo''’ = third harmonic self-impedances 
Zi'"', Z.'’' = third harmonic leakage impedances 
Xyo!’, Xo'"’ = third harmonic mutual reactances 
Z.''’ = third harmonic impedance of genera- 
tor and primary leads 
Z.’'' = third harmonic impedance of load 
and secondary leads 
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It is apparent that it is impossible to get entirely rid 
of a small third harmonic component in the terminal 
voltages of a transformer, even if the generator voltage 
is a pure sine wave. The complete elimination of the 
third harmonic voltage components would require 
zero triple frequency impedance of the circuits (or 
one of the circuits) where the third harmonic current 
flows, a condition which of course never can be 
fulfilled. 

In single-phase or polyphase connections, however, 
where no appreciable impedance is offered to the flow 
of the third harmonic current, the triple frequency 
voltages will usually be so small as to be entirely negligi- 
ble in comparison with the fundamental component. 
The resultant voltages, therefore, will be sensibly 
sinusoidal. 

Not only the magnitude, but also the phase of the 
impedance which the third harmonic current must 
overcome, has an important effect on the magnitude 
of the third harmonic voltages and currents. Without 
going into the question in further detail it may be said 
tnat a lagging third harmonic current in general 
reduces the triple frequency flux in the core, while a 
leading current tends to amplify it. The author 
intends to discuss the mechanism of this interaction 
in a future paper. 

Transposing terms, equations (1) and (2) may be 
written: 
ae a5 Ree WA eines + Zc'"") +7 fee Xe (5) 
one — gen CATA + Zee +j Deg DG ks (6) 

By equating these expressions the distribution of 
the third harmonic current between the primary and 
‘secondary is obtained. The ratio of the currents is: 


eau Drege et iat tl se oak th VA AY At 
mee ae Fh POAT, MU ce gh Neg pee? oY UGS ey RL, 


(7) 

Equation (7) shows that the distribution of third 
harmonic current between the two windings depends 
upon the leakage impedance of the windings and upon 
the external impedances. The distribution is inversely 
proportional to the ratio of the total impedances of 
the two circuits. 

Usually the load impedance will be very much 
greater than the other impedances involved (the two 
leakage impedances and the generator impedance) when 
referred to the secondary side. Hence, in general, the 
third harmonic current in the primary will be many 
times greater than in the secondary when both currents 
are referred to the same side. If they are not referred 
to the same side, the actual third harmonic current in 
the primary may of course be the smaller in the case 
of a step-down transformer of large ratio. 

It may be said, then, that the distribution of third 
harmonic current between the two windings of a trans- 
former is largely regulated by the magnitude and 
character of the triple frequency impedance of the 
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load. The minimum fundamental impedance of the 
load is determined by the rating of the transformer. 
The load, however, may easily be made large to the 
fundamental and still extremely small to the third 
harmonic by.a suitable combination of inductance and 
capacitance in series. Let 
Liste ok Zit = Ties +79 xe + Ri +4 CA = Xc) (8) 
If then 

Xie hae + DY a, Xe = (0) (9) 
the secondary is tuned to series resonance for the third 
harmonic current. If at the same time the load re- 
sistance is zero, the ratio of the secondary third har- 
monic current to the primary third harmonic current 
is a maximum, the distribution being given by 


ye R, 
Tees aa Zea Takis 


It should not be inferred from this statement that 
the secondary “leakage resonance’ condition gives 
rise to the maximum amount of third harmonic cur- 
rent. Much larger currents as well as voltages may 
be obtained at other capacitive loads and at a sec- 
ond resonance condition. Operation in this region is 
also at certain points accompanied by peculiar insta- 
bility phenomena, the discussion of which is beyond 
the scope of this paper.* 

There has been considerable discussion of the causes 
for the harmonics in the magnetizing current and the 
voltage of a transformer. While opinions on this 
question have differed a good deal in earlier years, 
most engineers now agree they are caused both by 
the varying permeability of the iron and by hysteresis. t 

The relation of the harmonics to the power losses 
in the core, however, has not, as far as the writer is 
aware, been settled to everybody’s satisfaction.t 
The writer’s conception of this question is outlined 
in the following. 

If the voltage of the generator is strictly sinusoidal, 


(10) 


then none of the harmonic currents can produce power 


in conjunction with this voltage. Hence, power is in- 
put to the core at fundamental frequency only. 

The harmonic currents, however, will necessarily 
give rise to a copper loss in the circuits where they 
exist. The power corresponding to this copper loss, 
plus the losses in the core caused by the non-funda- 
mental fluxes, is then evidently conveyed to the core 
as power of fundamental frequency. In the core, it is 
converted to power of other frequencies, a part of 
which is given out to the circuits where the currents 
of the higher frequencies flow. 

The transformer core is in this respect nothing but 


a frequency converter, and the harmonics add to what 


*These instability effects have been and are still being 
investigated in the Electrical Research Laboratories of the 
Massachusetts Institute of Technology. 

+Exeellently discussed by J. J. Frank, Bibliography 20. 

tThe reading of some of the papers and the discussions given 
in the bibliography will show this. 
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may be called the “‘apparent core loss,”’ or to the funda- 
mental input to the core, while in reality a part of this 
power is expended as copper loss by harmonic currents. 
Conceive a hypothetical transformer having core 
loss but requiring no harmonics in the magnetizing 
current for impressed sinusoidal voltage. The vector 
diagram on open circuit is given in Fig. 2, and the 
exciting current taken is J,’. The hypothetical core 
is now exchanged for a regular iron core requiring 
harmonics in the magnetizing current. Fig. 2 may now 
be used as a vector diagram of fundamental quantities 
only. \ Neglecting the slight change in the fundamental 
leakage impedance drop of the primary, the only effect 
of the sudden introduction of harmonics in the cur- 
rent would be to increase the excitation conductance 
of the transformer. It would now draw a fundamental 
current J,, and the apparent increase in core loss is: 


E, (Ic —= Ic’) watts (11) 


This power is, as already pointed out, not utilized 
as power of fundamental frequency but is converted 
to power of higher frequencies, part of which is absorbed 
by the core (and this part may be very small if the 
non-fundamental fluxes are small), while the rest is 


py fe foe F 
CW 
. i! 
“Ey i : Eq 
— 
I, 


Yr, 
Fie. 2—Vectror Diagram SHowi1nG INCREASE IN ‘“‘APPARENT 
Core Loss” 


dissipated as copper loss in the circuits carrying the 
harmonic currents. 


THREE-PHASE CONNECTIONS OF SINGLE-PHASE 
TRANSFORMERS 


When single-phase transformers are connected for 
three-phase operation, the method of connection con- 
stitutes a means by which the distribution of the third 
harmonics and multiples may be partly controlled 
independent of the external circuits. This depends 
upon the well-known fact that the triple frequency 
voltages and currents in a balanced system are in 
phase in the three phases; in other words they appear 
‘as residuals. ; 

The third harmonic voltage, therefore, cannot appear 
between lines while it may be found as a component 
of the voltage to neutral. The third harmonic current 
can appear on the lines only in a Y-connection with 
neutral. In a A-connection it will circulate in the 
closed delta but cannot escape from this and enter the 
lines. 

The other harmonics which are not multiples of 
three and hence are phase-displaced 120 deg. in the 
three phases, cannot be controlled by transformer 
connections independent of the external circuits. 

In the following discussion of the distribution of the 
harmonics strictly sinusoidal impressed voltages and 
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balanced transformers are assumed. The ratio of trans- 
formation of the transformers is assumed to be unity. 

Since the same laws do not govern the distribution 
of the two classes of harmonics, 7. e., the third harmonic 
and its multiples and those which are not multiples 
of three, equations for the fifth as well as for the third 
harmonics have been established. The generator and 
the balanced load are both assumed Y-connected for 
all transformer connections. The equations given, 
however, are easily modified to hold when either 
generator or load, or both, are delta-connected.. “‘No 
load’’. in all cases means that the secondary lines are 
opened at the transformer terminals. 


ee 


Fi¢. 3 


It should be noted that voltages and currents of triple 
frequency are given per transformer. In a Y-connec- 
tion this is equivalent to voltage to neutral and line 
current. Fifth harmonic voltages and currents are to 
neutral and per line, respectively, for any connection 
used. ° 

This significance of the symbols used in the equations 
below should ke kept in mind, as otherwise the equa- 
tions are easily open to incorrect interpretation. 


A. A-A CONNECTION 
With this connection (Fig. 3), the third harmonic cur- 
rents cannot appear on the lines, but will exist as circulat- 
ing currents in the two deltas. Conditions are the same 
whether the transformer bank is loaded or not. jf 
The induced third harmonic electromotive forces are 
given by 
eres = How = Thee Zia. + “) ye Ka 
= ESBS foes + 51," a 


als es 


Fie. -4 


(12) 


and the division of third harmonic current between 
primary and secondary is given by 
fs WALLY 
ace ae parit 
The fifth harmonic currents will appear on the lines. 


When the transformers are loaded the following equa- 
tions hold: 


(13) 


Vv 
11 


Bae = Eijes = dh ( SS 


Vv 
12 


; x 


i, Vv iX Vv 
Se ( + z.”) +5" =F (4) 
Lk aes eae 
Ts eee (12) 
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When the load is disconnected (at the secondary 
terminals of the. bank) the fifth harmonic current 
ceases to flow in the secondary windings, while a fifth 
harmonic voltage V,.” still appears on the secondary 


side. The following relations hold: 
Zi 
By. = Hyg’ =1,"( 2-42." ) (16) 
Xai Zi" \ 
= Bi” = J dae = = ]," ( ‘ + Z<* ) (17) 


B. A-Y CONNECTION 


Isolated neutrals. With this connection (Fig. 4), the 


AB AA 


Fie. 5 


third harmonic current will be confined to the primary 
delta both when the bank is loaded and when it is on 
open circuit. The following equations will hold: 
ee ge as Ragett! = Lge! WAAC (18) 
Vee = 1 Oueeas a | De Xe — Ihe! ree (19) 
The equations for the fifth harmonic when the bank 
is loaded are 


E.” pe 8h Zu" Za) : eM he 
Kt a wre ob 3 + Ze 4-4 wee 12 
I," Vv Vv a Vv Xo” 
= V3 (Zao +Z.)+ 9], 3 

(20) 

Fig. 6 
LY V3 ("+ Ze) 21) 

I,” Zee 
Disconnecting the load gives 
Vv E,." Vv Zi” ‘) 

Bic a ye a qT, ( 3 + Zc (22) 
PamiarTyeies 7 Rd de Pees 
Ve) = Hy" 9 = X= V 31, ( 3 Wa) 
(23) 


Interconnected neutrals. 'Whenthebankisloaded (Fig. 
5) the following equations hold for the third harmonic: 


Be ee ee Le Oy ee) ee ee 
= Ty (Zool! +21!" +38 Don +g 11 Xo” (24) 
Zeit t att 48 Zan! 


Lal 


I!” ams 


(25) 
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When the load is removed equations (18) and (19) 
express the triple frequency relations. 

The fifth harmonic will follow the same laws as in 
the case with isolated neutrals and is hence determined 
by equations (20), (21), (22) and (23). 


C. Y-—-A CONNECTION. 


Isolated neutrals.. With this connection (Fig. 6), the 
third harmonic current will be exclusively confined to 


a AD. 


Rie. 7 


the secondary delta both for load and no-load conditions. 

The following equations hold: 

eae ae | Dp = Re Lisoki. (26) 

Ve ee == | ne) The Xe e a4 f ight fea! (27) 
When the bank is loaded the fifth harmonic relations 

are 


Vv 
2 


rie 12 


Vv 


BS SAGE Hi PAZ, MER ey 


V/ 3 
ey AY : 
ms V/3 I. ( 3 SE Zid ak pelea 
(28) 
TEN 7Vv Vv 

Eos seed io ace da (29) 

I; RS (Te TN 

Removing the load gives 

Bie = 5/8 bee SIT a EZ) (30) 


: Ts 7 pps 
V/3 
Interconnected neutrals. With this connection (Fig. 
7), the third harmonic current will flow in the primary 
lines and the secondary delta both at no-load and when 
the bank is loaded. The following equations hold: 


Bf =Ee! = 1 (4 + Ze!" +8 Bi) 


Ve Sees Cr arr st) 


+7 W heli Cede es 7 Pb gg + 9 peed Dee (32) 
ees Zoe Bs 
Tight ee Zi" + Anh + 3 Lined ( ) 


The neutral connection does not affect the fifth 


menue. 
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harmonics; they still follow equations (28), (29), (30) 
and (31). 
D. Y-Y CONNECTION 


All neutrals Isolated. With this connection (Fig. 8), _ 
no third harmonic current can flow on either side under 
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any condition. A third harmonic voltage, however, 
which may be very large, exists on both sides. 
eee. = Vee = E,.!" — oe? (34) 
When the bank is loaded the equations for the fifth 
harmonic are 
Ey. = Ee = Ww + Zc*) +7 T,Y X42" 


= 1,” (Zoo’ + Zr’) +911" Xa" (35) 
i Le pps ae AM 
I,” Ay Le me 
Disconnecting the load gives 
| gn ies ear) aw zee (37) 
VV = Eee a LD Xe Te Ze) (38) 


Primary and generator neutrals interconnected. With 
this connection (Fig. 9), the third harmonic current 


ania anes 


Fig. 9 


will flow on the primary side both at no-load and when 
load is put on the bank. The equations for the third 
harmonics are 
ie ae Fe! — Teh (Ara + ies fe OZ we) 
Ves — ) a a 9 ae ENG aan 
= Yay (Bx""" + Vpn: + 3 Zin’) (40) 
The conditions as far as’the fifth harmonics are con- 
cerned are identical with those existing when all 


ae ener 


. Fie. 10 


(39) 


neutrals are isolated as expressed by equations (35), 
(36), (37), and (38). 

Secondary and load neutrals interconnected. When 
the bank is loaded, (Fig. 10), the third harmonic current 
will flow on the secondary side. 

Bgal!! = pee = hel” (Zeal + Vi iN — 3 -Za! oD (41) 
Va = | DF Peay oe Me 
= Y Gea! (Fou + is + Saban) (42) 

At no-load there is no circuit in which the third 
harmonic current can flow. Equation (34) holds for 
the voltages. 

The fifth harmonics behave as in the other Y—Y 
connections. Equations (35), (36), (37) and (38). 

Neutrals interconnected on both sides. With this 
connection, (Fig. 11), a third harmonic current will 
flow on both sides when the bank is loaded. 

Ei!" * ee ge! = gl? (Zi 4+-Z6''"+3 Lay!) 
+4 Tait? Kingl?? 
=I!" (Zoo! +-Z1'' +8 ATS 
+ "| Pye xo (43) 
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J Ege Zita + ipo te + BeLin 

ou <— ites a Faw =k BW 

When the load is removed, Equations (39) and (40) 

will evidently hold. The fifth harmonics follow 
Equations (35), (36), (37) and (38). 
E. Y-Y CONNECTION WITH TERTIARY DELTA 


Neutrals isolated. With this connection, (Fig. 12), 
the third harmonic current will always be confined to 


ace james 


ira) A 


(44) 


the tertiary delta independent of whether the bank is 
loaded or not. No harmonic, other than the third and 
its multiples, can flow in the tertiary winding. 
Designating the tertiary winding as winding No. 3 
and assuming unity ratio of transformation also for 
this winding, the following equations may be written: 


eter == Bye pe Beet = he Danae (45) 
Vane es je i Sas i) Yas: Pees = Tee She (46) 
Wee = 1 se a wis Q PGs gop! = BAG Vide (47) 


In equations (46) and (47) Z3s’’’ and Z3n’’’ repre- 
sent the third harmonic leakage impedance with 
respect to windings No. 1 and No. 2 respectively. 

The fifth harmonics behave as in the other Y—-Y 
connections. Equations (35), (36), (37) and (38). 


‘ LABORATORY TESTS _ 

The data which are reproduced below were obtained - 
in the Electrical Research Laboratories of the Massa- 
chusetts Institute of Technology by tests on three 
small core type transformers.* 


A. SINGLE-PHASE EXCITING CURRENT 
It is important in three-phase tests that the trans- 
formers are as nearly balanced ‘as possible. The ex- 
perimental transformers were well balanced electrically. 
This is apparent from Fig. 18, which shows curves of the 
exciting currents of the three units as obtained from 
single-phase tests with a sinusoidal voltage impressed. 


ee 
Fie. 12 


Fig. 14 shows one of a series of oscillograms of the 
single-phase exciting current. The magnitudes of the 
fundamental, third harmonic and fifth harmonic 
components as found from analysis of this series of 
oscillograms are given by the curves in Fig. 15. 

The curves are plotted against fundamental flux 
density and it will be noted that the percentage har- 
monics increases with the density. 

*The transformers and other equipment are briefly described 


in the paper, ‘‘Separate Leakage Reactance of Transformer 
Windings.” 


June 1925 


As a typical example, the results of the analysis of 
the exciting-current curve in the oscillograms Fig. 14 
are plotted in Fig. 16. The relative magnitudes and 
phase relations are correctly reproduced. The phase 
relation of each harmonic current, for instance the 
third, and the corresponding third harmonic electro- 


FUNDAMENTAL VOLTS INDUCED 


0 1.0 2.0 3.0 4.0 5.0 6.0 
EXCITING CURRENT IN AMPERES 


Fig. 13—Excitine CURRENTS OF HXPERIMENTAL TRANSFORMERS 
SINGLE PHASE 


No.119 
Singke-Phase Transformer 
Approx. Bmax. = 11,200 
Gausses 


Exciting Current 


Induced Voltage rise 


Fie. 14—OscitLoGRAM oF SINGLE-PHASE ExciTING CURRENT 
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PERCENT OF EQUIVALENT SINE WAVE 


Harmonic 


0 5 10 15 20 
FLUX DENSITY IN KILOGAUSSES 


Fie. 15—Componrents oF MAGNETIZING CURRENT OF 
EXPERIMENTAL TARNSFORMERS. SINGLE PHASE 


motive force evidently depend on the triple frequency 
impedance of the circuits where it flows as established 
by equations (5) and (6). 

x > These curves of the single-phase magnetizing current 
of the transformers have been included in order to 
give a picture of the magnetic characteristics of the 
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transformers. The single-phase data are also interest- 
ing when compared with some of the data from three- 
phase tests. 


160 


t 
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Niger pet 
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EE 


PERCENT OF FUNDAMENTAL COMPONENT 


= 
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Fia. 


16—CoMmPonENTS OF ExcITING CURRENT FROM 
Oscittocram Fic. 14 


B. DISTRIBUTION OF THIRD HARMONICS IN 
THREE-PHASE BANKS 


In order to investigate the distribution of third 
harmonic current between two circuits, a series of tests 
was performed with circuits of various nature provided 


Cir- 
No Externat Loap 


Fic. 17—DistrisuTion or THtrD HARMONIC CURRENT. 
cuir Diagram FoR Y-A-A TESTS. 


for this current. It will be remembered from the 
preceding discussion that, when any harmonic electro- 


‘motive force is introduced exclusively by the trans- 


former itself, the corresponding currents set up should 


Current in sec. 
Delta Windings No.3 


Sanat ae, 
ph Y-A-A Cunnection 
Approx, Bayay = 14,800 


Gausses 


Voltage Primary Neutral 


to Neutral of Resistor Bank Current in sec. 


18—DistrisutTion oF THIRD Harmonic CURRENT. 


Fig. 
Oscr~nLoGRAM FROM Y-A-A TuEsTs. 
SHowN IN Fic. 17 


Crrcuir CONNECTIONS 


divide between any two circuits inversely as the ratio 
of their total impedances at the frequency considered. 

Y—A-A Connection. This test was performed in 
order to check the theory of third harmonic current 
division between two closed deltas. The connections 
used are shown diagrammatically in Fig. 17. 
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Windings No. 1 were used as primaries and were 
Y-connected; windings No. 2 and No. 3 were used as 
secondaries and A-connected. The currents in the 
two deltas were recorded at five values of the flux 
density. 

Fig. 18 shows one of the oscillograms taken during 
these tests. The voltage between the resistor and 
transformer neutrals (not necessary for this particular 
test) and the delta currents was recorded. The triple 
frequency current was separated out by analysis. 

Tables I and II give the data and results from these 
tests. Since there was only one vacuum thermocouple 
ammeter suitable for measuring the current in the two 
deltas, it was necessary first to put the meter in delta 
No. 2 while the switch S; was closed and, after reading 


DAHL: TRANSFORMER HARMONICS 


Transactions A. I. E. E. 


be estimated with precision from the data at hand. 
The ratio of the currents would therefore be expected 
to be slightly too large. 

Inspection of the results given in the last three 
columns of Table II shows this to be the case. The 
discrepancies, however, are not large, and bearing the 
above consideration in mind, the check between the 
measured and computed current ‘ratios seems 
satisfactory. 

A-Y connection with capacity load. These tests were 
made as an attempt to simulate the conditions when 
a A-Y connected transformer bank is connected to a 
cable or long transmission line of considerable capacity. 
The circuit diagram is shown in Fig. 19. 

- The capacities used for the tests recorded in oscillo- 


TABLE 1* 
DISTRIBUTION OF THIRD HARMONIC CURRENT 
Y-A-A TESTS—NO EXTERNAL LOAD 


Amperes 


Trans- Frequency | Approximate Amperes Ohms resistance 
former Oscillo- cycles flux Volts induced in winding No. 2 in delta in delta in metering circuits 
connec- gram per second density No. 2 No. 3 Delta No. 2 ; Delta No.3 
tions Number if (Gausses) Unit A Unit B Unit C TA2 IA3 Rm2 Rm3 
5 a 9 60 9200 90.6 90.0 89.5 0.275 0.20 1.08 1.61 
A pee 10 60 11200 110.5 110.0 109.5 0.520 0.30 1.10 2.69 
a 
Boe 11 60 12800 125.5 125.0 124.5 0.900 0.52 teas 1.30 
PN Ss 
# : SE 12 60 14300 140.8 140.0 139.5 1.780 0.93 1.14 1.07 
k ° 
ba 13 60 9200 90.5 90.0 89.3 0.212 0.17 4.10 5.20 
Triple frequency leakage impedance of winding No.1 = 0.284.+ j 0.414 ohms per phase 
“ “ “ “ “ “ No. Bo = 0.466 + J 1.336 “ “ “ 
*The experimental data in the V-A-A tests were recorded by W. J. Miller, formerly of the Massachusetts Institute of Technology. 
TABLE II 
DISTRIBUTION OF THIRD HARMONIC CURRENT 
Y-A-A TESTS—NO EXTERNAL LOAD 
Third harmonic amperes Triple frequency impedance Impedance ratio Current ratio Per cent 
—— — ———— ————— Zaq”" Tas!” discrepancy 
Oscillozram In delta No. 2 In delta No. 3 Delta No. 2 Delta No. 3 “a referred to 
Number Tao!” Ta," Zao!” ZA3'"’ Za2 Tas impedance ratio 
9 0.211 0.108 2.55 5.20 2.040 1,955 4.17 
10 0.494 0.239 2 a0 5.94 2.310 2.065 10.60 
1L 0.870 0.460 2.39 4.86 2.035 1.890 7.12 
12 1,757 0.891 2.40 4.73 1.971 1.970 0.05 
13 0.192 0.142 5.40 7.97 1.476 1.352 8.40 


its deflection, to remove it and put it in delta No. 3 in 
order to read the current here with S, closed and 8S; 
open. 


It is not possible to apply a rational correction to 


Fic. 19—Disrrisution or Turrp Harmonic CuRRENT. CrrR- 
curr DraGRAM ror A-Y Trsts. Capacrry Loap 


this current because of the change in the third harmonic 
electromotive force which accompanies the change in 
current. This change in electromotive force cannot 


No.128 
4-Y- Connection 


Y- Connected Capacity 
Load. Approx. B max,= 


Current in sec, Neutral 


Fie. 20—DisrrisuTion or THIRD HARMONIC CURRENT. 
OscILLOGRAM FROM A-Y TrEsts. CrrcurtT CONNECTIONS SHOWN 
IN Fie. 19 


gram No. 121 and No. 123 were not quite balanced. 
This fact accounts for the large fundamental current 
in the secondary neutral. The capacities used in the 
other tests, however, were practically perfectly balanced 
and analyses show that with these capacities the third 
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harmonic current in the secondary neutral is by far 
predominant. 

Fig. 20 is a sample oscillogram from this series and 
shows induced voltage (H2), current in the primary 
delta, and current in the secondary neutral. The 
third harmonic current in the latter is assumed to be the 
algebraic sum of the third harmonic currents in each 
phase and equal to three times the third harmonic 
current per phase, two conditions which are true when 
perfect balance exists. 

Tables III and IV give the data and results. The 
details of the computations are not reproduced. In 
obtaining the theoretical current division, the average 
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the theoretical and measured quantities is unsatis- 
factory. However, a more thorough analysis of the 
conditions actually existing in the network during 
these. tests permits and substantiates a much more 
favorable interpretation of the results. 

Unfortunately, a commercial ammeter was used in the 
primary delta, giving a third harmonic impedance of 
the metering circuit in one branch of the delta of 
1.14 + 70.665 ohms, which is appreciable as compared 
with the impedance of the rest of the delta. Due to 
the unbalance thus introduced, the sum of the third 
harmonic electromotive forces will not be exactly 
balanced by the third harmonic impedance drop around 


TABLE III 
DISTRIBUTION OF THIRD HARMONIC CURRENT 
A-Y TESTS—CAPACITY LOAD 


Frequency Volts Primary amperes Secondary amperes Load 
cycles induced in capacity in 
Transformer Oscillogram per second winding in lines in delta in lines in neutral microfarads 
connections Number if No. 2 vi Tq, Ts Ip, G 
Prd dt. 5 = 
eaS6 121 60 110.0 2.38 1,57 0.622 0.59* 15.0 
a o 
Hass 123 60 110.0 2.64 1.815 0.366 0.37* 9.0 
A S 
a3s5 127 60 111.5 1.87 1.10 pes 0.0657 25.85 
wn 
Sats 128 60 111.5 1.56 1.09 1.15 0.0640 25.85 
Fae 
Ae Be 129 60 112.0 1.625 1.15 1,15 0.0685 25.85 
ap do) A 
gem 130 60 LEL =O 1.55 1.08 1.14 0.0662 25.85 
oO e 
EeSss 131 60 111.0 1.54 1.07 1.14 0.0660 25.85 
- “9S 132 60 111.8 2.24 1.40 0.63 0.0464 15.30 
AAS 


Switch S3, (Fig. 19), was closed while all other meters were read, and when oscillograms were taken, except for oscillograms No. 121 and No. 123. 
*Appreciable fundamental component introduced by unbalance of condensers. 


TABLE IV 
DISTRIBUTION OF THIRD HARMONIC CURRENT 
A-Y TESTS—CAPACITY LOAD 


Third harmonic amperes Triple frequency Current Impedance Per cent 
impedance per phase ratio ratio discrepancy 
in in secondary 3 pe referred to 
. P : 1 Zsec. ; 
Oscillogram primary neutral primary secondary ——_. — impedance 
Number UB T3n/"" Zpri./"" Zsec., 7% T3n/”" Zpri™”’ ratio 
121 0.810 0.0470 0.925/44.°1 756-3 \S7 aso ES ys 60.9 15.1 
123 0.830 0.0242 Bi 95.7 \88.°8 103.0 103.5 0.48 
127 0.705 0.0593 ss 34.37\72.°9 Stier / Saw Sy aM/ 
128 0.698 0.0577 iG s 36.3 Sf fan 2.16 
129 0.730 0.0619 « 8 35.4 Sie 4.58 
130 0.680 0.0589 “S ss 34.7 Sia 6.47 
131 0.674 0.0587 f € 34.4 Se Fhaea 
132 0.702 0.0418 es 57.3 \79.°8 50.4 62.0 Lan 


third harmonic impedanee per phase on each side was 
calculated. The average primary impedance per 
phase is given as the impedance of one primary winding 
plus one third of the impedance of the metering circuit 
in the primary delta, 7. e., ammeter in series with shunt 
and vibrator in parallel. 

In comparing the results from these tests, (Table 
IV), it will be noted that the observed current ratios 
are consistently less than the computed ratios by 
amounts varying from 0.48 per cent to 18.7 per cent. 
Since, in general, experimental errors should be divided 
equally between plus and minus, one may at a first 
glance be inclined to conclude that the check between 


the delta, with the result that a third harmonic current 
will appear on two of the lines and in two of the phases 
of the Y-connected generator. No third harmonic 
current will appear on the third line. 

The third harmonic current in the two phases of the 
primary delta which do not contain the ammeter is 
equal and in phase. On the contrary, the third har- 
monic current in the phase where the ammeter is 
inserted, is neither equal to, nor in phase with, the 
two other currents. Since on the secondary side the 
third harmonic current per phase is considered equal to 
one third of the third harmonic current in the neutral, 


it is necessary for correct comparison of the third 
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harmonic currents on the two sides also to use the 
average third harmonic current in the primary delta, and 
the corresponding average triple frequency impedance 
per phase. 

It is, therefore, evident that computing current ratios 
as done in Table IV, based on values of the primary 
third harmonic current which are smaller than the 
average values, discrepancies in the direction indicated 
might have been anticipated. Hence it seems safe to 
conclude that the results check to engineering accuracy. 

Y—-A connection with resonant load. Fig. 21 shows an 
oscillogram from a series of tests performed with the 


Current in Prim. Delta 


Star Connected Load 
tuned to Resonance for 
srd Harmonie Approx. Bmax? oy 
= 10,800 Gausses 


Induced Voltage 
ent in sec. Neutral 


Fig. 21—DisrrisuTion or Tutrp HARMONIC CURRENT. 
Circuit DiaGram For A-Y Tests. INDUCTANCE AND CAPACITY 
Loap. Srconpary Crircuir Tunep To TRIPLE FREQUENCY 
RESONANCE 


connections shown in Fig. 22, usinga combined inductive 
and capacitive load so adjusted that the total secondary 
circuit was tuned to series resonance for the third 
harmonic. 

The oscillogram shows that in this case the current 
in the secondary neutral, as might be expected, is 
practically all third harmonic, while in the test with 


Fic. 22—OscinuoGram FROM A-Y Tests. Crrcurr Diagram 


SHownN IN Fia. 21 


pure capacity load this current also contained a con- 
siderable amount of higher harmonics. With the 
resonant circuit these are all damped out by the 
inductance. 

The complete data from these tests will not be repro- 
duced here as they cannot be used to verify the third 
harmonic current distribution. This is due to the 
fact that iron-core reactors (with air gaps) were used 
for producing resonance in the secondary circuit. 


Having iron cores, the reactors themselves would tend: 


to introduce harmonics. The effect of the reactors in 
this respect cannot be quantitatively analyzed with 
sufficient precision to render the results of value for 
checking the theoretical distribution of third harmonic 
current. 

FIELD TESTS 


a. General. In July 1922, the-Research Division of 


the Electrical Engineering Department, Massachusetts 
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Institute of Technology, made a series of tests on the 
Gadsden-Lindale Tie Line belonging to the Alabama 
Power Company and the Georgia Railway and Power 
Company. By courtesy of these companies this line 
was placed at the disposal of the Institute for testing 


purposes. F. S. Dellenbaugh, Jr.,* was in charge of 
the work. 
hee Rina Wind we 
83 Steel ; 
_{ibe-ey ia 6-63 
Pao abl 
LSet pe ais 


Fig. 23—CoNFIGURATION OF TRANSMISSION LINE USED IN 


Firitp Txsts 
The tests comprised mainly investigation of d-c. 


transients, harmonics due to transformers and deter- 
mination of the separate leakage reactances of a bank 


Connections A 


Connections B 


ee 


200/1 P.T. al 


at A AM 


Fic. 24—Crircvuir Diagrams SHowine ConNeEcTIONS USED IN 
Fieip Txsts 


of power transformers at Gadsden. At the same time 
engineers of the American Telephone & Telegraph Co. 
made bridge measurements of the impedance to ground 


*Massachusetts Institute of Technology. 
+See the paper, ‘‘Separate Leakage Reactance of Trans- 
former Windings.”’ 
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of the line at frequencies from about 180 to 2400 cycles 
per second. Several of the tests may, therefore, be 
used to check some of the theory of transformer har- 
monics was wellas the method of measurement developed 
in the laboratory. 

Fig. 23 shows the configuration of the line from 
Gadsden to the State border (Alabama-Georgia). The 
configuration of the line from the State border to Lin- 
dale was essentially the same and will not be reproduced 
here. The lines were not transposed. Detailed data 
of the lines have no particular interest for this paper. 

The transformer bank at Gadsden consisted of three 
2100-kv-a. transformers made by the General Electric 
Company. These had three windings each and were 
normally connected 110,000 - 22,000 - 2300 volts in 
A-A-A. 

Three series of tests are of particular value for check- 
ing the theory of transformer harmonics. Diagrams 
of connections used in these are shown in Fig. 24. In 
connections A and B will be recognized the ‘‘three- 
winding method’; for the determination of leakage 
reactances. The diagram marked ‘Connections C”’ 
shows the bank connected Y-open A-Y with the line 
connected to the 110-kv. side, the neutral being 


No. 95 


Y-A-Open A Connection 
’ Voltage across ae 
Cart an clases Corner of 110 KV.A Zo 
22 kv. Delta y 
SAWS ties 


SEY 


Primary Line Voltage 


Fig. 25—OscinLoGRaAM FROM LEAKAGE IMPEDANCE TRSTS. 


Circuit CoNNECTIONS SHOWN IN Fia. 24-a 


grounded. ‘The distant end of the line was free. This 
test was also performed with the 22-kv. delta closed. 
As the circulating current in thisdelta, wasnot recorded, 


however, this test cannot be used for checking | 


purposes. 
Referring to the circuit diagrams in Fig. 24, it will 


be seen that primary line voltage, line current, and 
voltage to ground were recorded for all three connec- 
tions. With connections A and B, the voltages across 
the open corner or the circulating currents in the deltas 
were read. With connection C, the voltage across the 
open corner of the 22-kv. delta and line voltage, line 
current and potential to ground on the Y-connected, 
110-kv. side were recorded. All these data, however, 
will not be reproduced here; only those strictly required 


will be given, corrected for instrument transformer 


ratios, instrument errors, ete. - 

b. Separate Leakage Reactances. Fig. 25 shows one 
of the oscillograms taken during the tests with con- 
nections A. It will be seen that while the circulating 
current in the closed 22-kv. delta is practically a pure 
third harmonic, the voltage across the open corner of 
the 110-kv. delta contains a pronounced fundamental. 


DAHL: TRANSFORMER HARMONICS 


801 


This is due to unbalance of the transformers. Hence 
in this case it would have been impossible to rely upon 
meter readings alone; oscillographic records had to be 
used throughout the series of tests. 

Table V gives the values of the voltages across the 
open corner of the deltas and the circulating currents 
necessary for determining the leakage reactances. The 
actual readings, the per cent third harmonic as obtained 
from analyses of the oscillograms, the third harmonic 
voltages, and currents referred to the high-tension 
(110,000-volt) side, and the computed leakage im- 
pedances are given. 

Table VI gives the ohmic and 60-cycle effective 
resistances of the three windings. The separate 
effective resistances have been computed from the 
equivalent resistances as obtained from short-circuit 
tests, by assuming that the ratio of the separate 
effective resistances is equal to the ratio of the separate 
ohmic resistances. This assumption evidently involves 
a small approximation. 

The 180-cycle effective resistances will be considered 
to be the same as at 60 cycles. The error which may 
result from this assumption is negligibly small, since 
the resistances of the windings are insignificant as 
compared to the reactances. Hence the third harmonic 
leakage impedances in Table V may be reduced to 
exactly 60 cycles by multiplying by the ratio of 60 and 
the average frequency recorded. Furthermore, the 
third harmonic and the fundamental (60-cycle) reac- 
tances may be found. 

Table VI gives the desired values. It should be 
carefully noted that the leakage reactance of winding 
No. 2 is with respect to winding No. 3, and that of 
winding No. 3 with respect to winding No. 2. The 
leakage reactance of these windings with respect to 
winding No. 1 will in all probability be different from 
the leakage reactances given. This, however, is 
entirely dependent upon the arrangement and the 
spacing of the coils in the transformers. 

c. Third Harmonic Current Distribution with Line 
Connected to Transformer Bank. Data from two tests 
performed with “Connections C’’, Fig. 24, will be 
checked. The third harmonic current in the neutral 
on the line side will be computed from the voltage 
across the open corner of the 22-kv. delta, the separate 
leakage impedance of the 110-kv. windings, and the 
measured impedance to ground of the line. 

In the first test (oscillogram No. 106) the part of the 
line from Gadsden to the State border only was used; 
in the second test (oscillogram No. 113), however, the 
entire line Gadsden-Lindale was connected to the 
transformers. In both cases the distant end of the 
line was open. 

Fig. 26 shows one of the oscillograms (No. 106). 
While the neutral current appears to be nearly third 
harmonic, the main part of the voltage across the open 
corner of the 22-kv. is delta fundamental. This is partly 
due to unbalance of the transformers themselves and 
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partly due to unbalance of the line admittances. 


Table VII gives the recorded data. 


From a set of 
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impedances can be found. . With the distant end open 
and the three conductors in parallel, the following values 
at the triple frequency corresponding to the funda- 


No. 106 

Y-A-Y Connection 
Transmission Line Connected 
to Transformer Bank 
~._ Neutral Grounded 


110 Kv. Line Voltage, 


mental frequency recorded in Table VII are obtained: 


Fic. 26—DistrispuTion or TuirD HARMONIC CURRENT. 
OSCILLOGRAM FROM FirELtp Tests. Crrcurir CONNECTIONS 


Suown In Fic. 25-c. windings is 


Z;''’ = 26.3 + 7 649 ohms 


yp Z 
a, Part of line eycles ohms 
Voltage across open = a ae, eae 
GEOR SES Gadsden—State Border........ 176.7 18 — 3 775 
Gadsden—Lindale............. 176.1 4 —7 540 


The leakage impedance per phase of the 110-kv. 


curves (not reproduced here) of line impedance to 
ground plotted versus frequency, the necessary line The total triple-frequency impedances of the high- 
TABLE V 
LEAKAGE IMPEDANCE TESTS 
VA Ta Referred to 110-ky. side 
Trans- =a 
former Oscillo- Per cent Per cent : Average 
connec- gram if Reading third Reading third VAC? el GES Coe Zit 
tions Number cycles volts harmonic amperes harmonic volts amperes ohms ohms 
) 
Pan 92 59.4 158.5 61.8 0.68 99.0 98.0 0.1347 243 
Boe 93 59.4 148.5 62.3 0.68 99.4 98.6 0.1352 243 
Re 93A 59.8 159.3 0.69 i 99.3 0.1370 242 
= oe 95 59.8 306.4 66.5 1.20 100 204.0 0.2400 283 253 
pd 
Ban 98 60.0 91.0 0.184 92.7 0.1706 ok 
Oo ‘ 
Hee 98A 60.3 67.2 0.179 306.0 0.1660 615 
fs e) 
Seles toc) 100 59.7 101.6 0.244 95.3 462.5 0.2325 663 639 
666 
ZAG 
No. 1 = 2300 volt winding Va = voltage across corner of open delta 
No. 2 = 22,000 volt winding I, = current in closed delta 
No. 3 = 110,000 volt winding Val’ 
EE LE 3 Ia’ = leakage impedance per phase of closed delta winding with respect to 
open delta winding 
TABLE VI 
SEPARATE WINDING CONSTANTS 
Referred to 110 ky. side 
Leakage reactance in ohms 
Actual 60-cycle a a = 
ohmic Ohmic effective With respect to No. 2 With respect to No. 3 
resistance resistance resistance rs 
Winding ohms ohms ohms 60 cycles 180 cycles 60 cycles 180 cycles 
No. 1-110,000 volt 0.00892 20. 40 22.4 sa as 
No. 2-22,000 “ 0.699 17.48 19.7 ae ce 84.7 254 
No.3- 2300 “ 23.64 23.64 26.3 213 639 
TABLE VII 
DISTRIBUTION OF THIRD HARMONIO CURRENT WITH LINE CONNECTED 
Vaz Ins 
BT, a) 
line Per cent Per cent 
Oscillogram voltage ijt Reading third Reading third VaAo'”’ Ins’”” 
Number . kv. cycles volts harmonic amperes | harmonic volts amperes 
106 130.5 58.9 1114 12.35 0.404 97.8 137.8 0.395 
113 129.9 58.7 970 hake) 0.368 90.7 word, 0.334 
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tension circuit to be used in connection with the third 
harmonic currents in the neutral are: 
Gadsen—State border: 
26.3 MOS aL Or 
Bre errs 5180 
= 26.8 — 7 556 = 566 \ 87.°3 ohms 
Gadsden—Lindale: 


Mo 99 Toe 


963. 689 x 176.1 
Soi 8 Sc180 


12.8 — 3 332 = 382 \ 87.°8 ohms 


The voltage to be used in connection with these 
impedances is the third harmonic voltage per phase 
in the 22-kv. winding referred to the 110-kv. side. 


ieee 


=4— 7540 + 


I 


The third harmonic voltage per phase is one-third of. 


the third harmonic voltage across the open corner of 
the 22-kv. delta. 

The above procedure is in accordance with equation 
(42) holding for a Y-Y connected bank with second- 
ary neutral. This is evidently correct since the Y-Y 
connection and the open A—Y connection are essentially 
the same as far as the effect on the third harmonics is 
concerned. 

In Table VIII, the third harmonic currents in the 
neutral are calculated and compared with the measured 
values. The check obtained must be considered very 
satisfactory, particularly when consideration is given to 


TABLE VIII 
DISTRIBUTION OF THIRD HARMONIC CURRENT WITH LINE 
CONNECTED 
All quantities referred to 110-kv. side 
Calcu- 

Oscillo- lated Measured| Discrep- 
gram fp E,!”’ Zee Tog! K Weel ancy 
Number cycles volts ohms amperes | amperes | per cent 
106 58.9 229.7 566 0.405 4 0.395 2.53 
113 58.7 122.9 332 0.370 0.334 10.8 


the fact that the tests were performed under difficult 
circumstances. 

In the tests previously referred to, where the 22-kv. 
delta was closed, the triple frequency component of the 
neutral current on the line side was 0.568 amperes when 
the line to the State border was used, and 1.125 amperes 
when the entire line to Lindale was connected to the 
bank. The frequency was 59 cycles. 

It is possible to calculate the third harmonic current 
which should flow in the closed delta, but since this 
current unfortunately was not measured, no check can 
be obtained. 

In accordance with equation (25) the distribution of 
third harmonic currents is given by 


y Pad us 


Using this equation the third harmonic currents in 
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the delta winding referred to the high-tension side 
become: 
Line Gadsden—State border: 


26.8 — 7 566 zee 
iin HPO NPS on 767 
Is!’ = 0.568 17 
PORT Sg 2b4 4 
: 180 
0.568 eal, 2 
As 250 7 1.29 amperes. 
Line Gadsden—Lindale: 
1D y B99 sou LT, 
176.7 
yar oe ee 2755 177 
192%. LF Dba 
4 180 
= 1,125 aot 1 
= 1. 550. 7 .50 amperes. 


Applying the ratio of transformation, the actual third 
harmonic circulating current in the 22-kv. delta would 
be 6.45 amperes and 7.50 amperes respectively for the 
two cases considered. 

SUMMARY 

The paper has discussed the distribution of harmonies 
in single-phase transformers and in three-phase banks 
of single-phase transformers. Two-winding transform- 
ers, or three-winding transformers where the harmonic 
current exists in two of the windings only, have been 
considered. The impressed voltages have in every 
case been assumed strictly sinusoidal so that all 
harmonics originate in the transformers themselves. 
If the impressed voltages are non-sinusoidal the prob- 
lem becomes much more involved and may be con- 
sidered beyond the scope of this paper. 

Formulas for the distribution of harmonics between 
primary and secondary circuits have been given for a 
series of connections. These formulas, slightly modi- 
fied, may also be applied to two secondary circuits, and 
in general formulas of the same type will give the dis- 
tribution between any two circuits provided no other 
circuit carries any of the harmonic currents whose 
distribution is desired. 

The harmonic currents distribute themselves between 
two circuits in inverse proportion to the ratio of the 
total impedances of the two circuits at the particular 
frequency considered. The part that the transformer 
or each transformer in a bank contributes to these 
impedances is the true leakage impedance of each of the 
two windings involved with respect to the other winding. 

The distribution of the third harmonic current be- 
tween two circuits has been examined by laboratory 
tests on small experimental transformers. Y—A—A 
and A-Y connections were used. The A-Y bank 
was loaded by a Y-connected capacity load and also 
by a Y-connected load consisting of inductance and 
capacity. The inductance and capacity in the latter 
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case were adjusted so as to produce triple frequency 
resonance in the secondary circuit. The neutral point 
of the Y-connected load and the neutral point of the 
transformer bank were in every case interconnected. 

The measured and calculated distribution ‘of third 
harmonic current in the first two tests check to engi- 
neering accuracy. The results from the third test 
could not be used for checking purposes since the 
reactors employed as a part of the load had iron cores 
and, therefore, had a tendency to introduce harmonics 
themselves. 

The paper has further given some data and results 
from a series of field tests on a bank of three 2100- 
kv-a., 110,000-22,000-2300-volt transformers and a 
short transmission line. The tests of particular 
interest in connection with the present subject con- 
sisted of determining the separate leakage impedances 
of two of the windings of the transformers and of 
measuring the third harmonic current in the line-side 
neutral when the line was connected to the bank. The 
transformer connections during the latter tests were 
Y-open A-Y with secondary neutral point grounded. 

The third harmonic current in the neutral has been 
computated from the measured value of the third 
harmonic voltage across the open corner of the delta 
winding in connection with the proper combination of 
transformer leakage impedance and line impedance. 
The check between the computed and measured third 
harmonic currents must be considered satisfactory. 


LisT OF SYMBOLS 
V = Terminal voltage 
V, =Voltage across the corner ofan open delta winding 
E = Induced voltage 
E- = Voltage induced by flux in the core 


TI = Current 
I, = Circulating current in a closed delta winding 
I, = Current in neutral 


ae 


m = Resistance in the corner of a closed delta winding 
containing meters, etc. 
Z, = Total impedance of a closed delta circuit 
Z, = Impedance of neutral 
Subscripts attached to the above symbols refer the 
quantities to the particular winding designated by the 
subscript. 
f = Frequency 
C = Capacity 
Zr: = Impedance of a primary circuit 
Zsec = Impedance of a secondary circuit 


Zc = Generator impedance 

Z. = Load impedance 

Z11, Z22, Z33 = Self impedance of windings No.1, No. 2, 
and No. 3 


Z,, Zo, Z; = Leakage impedance of windings No. 1, 
No. 2, and No. 3 with respect to some 
specified winding 

= Resistance of windings No. 1, No. 2, 
and No. 3 


Ri, Re, Rs 
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X11, X02, X33=Self reactance of windings No. 1, No. 2, 


and No. 3 

Xi. = Xs, =Mutual reactance of winding No. 1 and 
Nore 

X13 = Xs, =Mutual reactance of winding No. 1 and 
No. 3 

X23 = Xz. =Mutual reactance of winding No. 2 and 
No. 3 

X,, Xo, X; =Leakage reactance of windings No. 1, 
No. 2, and No. 3 with respect to some 
specified winding 

Xz. = Load reactance, inductive reactance 

Xc = Capacitive reactance 


Several of the above quantities are different for 
the various harmonics. Primes attached to these 
quantities indicate the order of the harmonic. 
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Discussion 
For discussion of this paper see page 810. 


Resolution of Transformer Reactance 


Into Primary and Secondary Reactances 
A. BOYAJIAN! 


Synopsis.—The stand is taken that the resolution of the leakage 
reactance of a pair of windings into the individual reactances of the 
two windings is indeterminate unless referred to a third winding.and 
that therefore it varies with the object in view when making the 
resolution. If the object is the influence of exciting current on 
performance, the problem is converted into a three-winding trans- 
former problem by conceiving of the exciting current as produced 
by a (fictitious) load in a (fictitious) third winding. It is 
pointed out that the resolution of leakage reactance into individual 
reactances is possible only in the case of three windings, and 
that therefore in a transformer with three real windings and a 


INTRODUCTION 


HE old puzzle of the division of the leakagereactance 

of a transformer into primary and secondary react- 

ances is usually discussed with the tacit assumption 

that such a division exists in nature,—definite, inherent 
1. Technical Engineer, General Electric Co. 


Presented at the Annual Convention of the A. I. E. E., 
Saratoga Springs, N. Y., June 22-26, 1926. 


fictitious exciting-current-load winding, constituting the equivalent 
of a four-winding transformer, the simple resolution fails, each 
winding having a different individual leakage reactance when 
associated with one pair of the remaining windings than when asso- 
ciated with another pair. Furthermore, the resolution made 
from the standpoint of real load currents will be different from that 
made from the standpoint of exciting current. Formulus are given 
for such resolutions, and experimental methods are described. The 
problem is also considered from the standpoint of flux distribution 
and linkages, and the limitations of some common views are 
pointed out. 


and absolute,—and that our problem is merely to ascer- 
tain its value. But the resolution of the leakage react- 
tance of two windingsinto the reactancesof the individual 
windings is no more determinate than the resolution of 
the distance between two points, A and B, into two 
parts, one as A’s distance, and the other as B’s dis- - 
tance. For this reason, it is frequently reported by 
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investigators that the experimental separation of the 
primary and secondary reactances has failed. 
However, if the resolution is desired, not for pure 
philosophic interest but for a definite concrete object 
in view, then this object furnishes us the point of view 
relative to which the resolution is to be made, and the 
problem becomes determinate. In every instance 


Fie. 1 


where an investigator reports that he has found a means 
of experimentally segregating the primary and second- 
ary reactances, it will be found that he has referred the 
resolution to some arbitrary point of reference, prob- 
ably very useful and valid for his purpose, but arbi- 
trary just the same. 


The resolution of leakage reactance into primary and 


secondary reactances is sometimes necessary for certain 
practical purposes, as shall be illustrated below, but 
it will be found in every instance that the resolution 
which is valid for one purpose is not valid for other 
purposes, and that, therefore, any such resolution has 
to be relative and conditional. 


Zy 


Zo 


x< 
JObteee «24 


' THE EQUIVALENT CIRCUIT 


The classical treatment of a transformer is by means 
of its equivalent circuit (Fig. 1A or 1B). If the exciting 
current is ignored, the equivalent circuit becomes like 
that shown in Fig. 2. If the exciting current is ignored, 
and the transformer is assumed to have both a second- 
ary and a tertiary winding, then the equivalent net- 
work becomes like that shown in Fig. 8. Comparing 
the equivalent network of a two-winding transformer, 
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which draws an exciting current, (Fig. 1A or 1B, espe- 
cially the latter), with the equivalent network of a three- 
winding transformer which draws ‘no exciting current, 
(Fig. 3), the essential identity of the two becomes 
evident. That is, the standard equivalent circuit of a 
transformer (Fig. 1) treats the exciting current as 
though it were a (fictitious) load-current drawn from a 
(fictitious) third winding. From this standpoint, the 
resolution of leakage reactance into separate primary 
and secondary reactances becomes a_ three-winding 
transformer problem, the general solution of which has 
been accomplished within the last few years? and which 
we may briefly review here. 


GENERAL THEORY OF THREE-WINDING TRANSFORMER 

In considering the effect of the impedance of a three- 
winding transformer on its performance, such as regu- 
lation, short-circuit current, division of load, etc., we 
may resolve the leakage impedances between pairs 
of windings into impedances of the individual windings, 
the only condition to be satisfied beings, that, sym- 
bolically, 


Zy + ZL» = Z12 (1) 
Z.+Z3 = Zo (2) 
21+ 23 = Zs (3) 
2 


It may be evident from these equations that the 
resolution of Z:. into Z, and Z», is made dependent on 
winding No. 3 by involving Zi; and Z»3, so that if 
winding No. 3 is altered the resolution of the leakage 
reactance between windings No. 1 and No. 2 into Z, 
and Z, is also altered. Certainly, any such resolution 
that is made variable with changes in a third winding 
cannot be considered absolute or inherent but must be 
considered purely relative. Generalizing, we may say 
that a winding may be said to have a definite individual 
leakage reactance only with reference to two other 
windings. Referred to less than two other windings, 
the individual leakage reactance of a winding is inde- 
terminate, any resolution being as good as any other, 
and all of them being equally needless. Referred to 
more than two other windings, the reactance character- 
istics of a winding cannot be completely specified by a 
single value. 


2. Transformers for Intereconnecting High Voltage Trans- 
mission Systems by J. F. Peters and M. E. Skinner. Journau 
A. I. E. E., June 1921, Vol. XL, page 483. 

Theory of Three-Cireuit Transformers, A. Boyajian, JouRNAL 
A.I. E. E., 1924, Vol. XLIII, page 345. 
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APPLICATION TO TWO-WINDING TRANSFORMERS 


In a two-winding transformer the resolution of the 
leakage reactance into primary and secondary re- 
actances having a significance only in relation to the 
exciting current, and the exciting current being con- 
ceivable as occasioned by a load in a fictitious third 
winding, the desired resolution, in the light of the theory 
of three-winding transformers, may be defined as 
follows. Let C represent the fictitious third winding 
which simulates the characteristics resulting from the 
core. The leakage reactances between this fictitious 
winding C and the real windings No. 1 and No. 2, 


Cc 
Z c or Myo 
Dy Ze 
No.1 No. 2 
Kieg. 4 


respectively, may be designated as X,, and X2,. The 
individual leakage reactances X, and X2, resolved with 
respect to the exciting current, will be given by 
XxX == (Xie a= Xi2— X ¢) /2 
Xe = (Xo + Xi2— X1e)/2 (8) 
X. = (Xi. + Xa — X12) /2 (9) 
The equivalent network of this resolution, as that of a 
‘three-winding transformer, is shown in Fig. 4, which is 
another form of Fig. 1B. 
It may be noted that the core exercises a controlling 
influence on the resolution when made with reference 
to exciting current, (even though its effect on the total 


(7) 


leakage reactance is ordinarily small), but it exercises 


no direct influence on the resolution when made with 
reference to load currents as in a three-winding trans- 
former. 

If it is desired to consider the element of exciting 
current in a three-winding transformer, the problem 
becomes one of four-windings, the exciting current 
being represented as a load in a fourth (fictitious) 
winding, as outlined above. In this case no definite, 
consistent reactance values can be assigned to the 
windings to indicate their performance rigorously from 
the standpoint of exciting-current. Furthermore, even 
if this could be done, the reactance values so assigned 


would be inconsistent with the values required to - 


represent their load characteristics properly. 
INDIVIDUAL LEAKAGE REACTANCES IN TERMS OF 
SELF AND MUTUAL REACTANCES 


Considering the equivalent network of a two-winding 
transformer with its fictitious third circuit, C, (Figs. 
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1B and 4), it will be evident that the impedance, Z., 
is in series with and common to both of the circuits 
No. 1 and No. 2, and may, therefore, be recognized as 
the mutual reactance M,, between the two circuits. 
Z,, Will be recognized as the open-circuit, self inductive 
reactance of circuit No. 1, which we may designate as 
Z,', Z2, as that of No. 2, which we may designate as 


Z,'. Evidently, 
41 =Zi.— Ze (10a) 
= Z,'— My (10b) 
Loy = Lee Z (11a) 
NZ AM (11b) 
Z2=24, +L, (12a) 
=Z,'+Z,'—2M x» (12b) 


Excitation 


Impedance Drop 


Equation (12b) will be recognized as classcial. 
Equations (10b) and (11b) have been used in the past 
to define the individual reactances Z; and Z., but no 
recognition has been made of their relativity with 
respect to the exciting current so far as the present 
writer is aware. These equations (10b) and (11b) 
if derived directly, based on the reasoning that the total 


voltage induced in the winding is the difference between 
the self-inductive voltage drop and the mutual voltage 
induced from the other winding, have the appearance 
of finality. However, when they are derived, as a 
special case of a three-winding transformer, even though 
the derivation is roundabout, it is believed that the 
relativity of the resolution is thereby made clear. So 
far as utility for practical computation is concerned, 
neither the set of equations (7), (8), and (9), nor the 
set (10b), (11b), and (12b) is of a great deal of value. 
Their primary use is to define the quantities to which 


3. See,for instance, Rogowski, Dispersion in Transformers, 
ETZ, Vol. XXXII, pp. 1033-1036, 1069-1071; also, Mitteilungen 
uber Forschungsarbeiten, Heft. No. 71. 
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they refer and thus suggest and guide practical methods 
of calculation. 


EXPERIMENTAL RESOLUTION 


Consideration of the equivalent circuit of a two- 
winding transformer, (Figs. 1 and 4), suggests a variety 
of test methods for the determination of X; and X>». 
They are very simple and convenient for transformers 
with 1:1 ratio. Those with other ratios will require 
either current or potential transformers of the same 
ratio as their own and the results will naturally be 
complicated on account of errors of ratio and phase 
angle introduced by these auxiliary transformers. 

1. Regulation due to Exciting Current. The primary 
impedance drop, due to exciting current, can be 
measured directly and very exactly in a 1:1 ratio trans- 
former by using the connection shown in Fig. 5. Know- 
ing the current and the impedance drop, the value of 
the impedance follows by Ohm’s law. If the trans- 
former ratio is not unity, a potential transformer of the 
same ratio would be necessary for the test. 


000 
Main Trans. 


000000000 


2. Division of Exciting Current. If the two windings 
(1:1 ratio) are excited in parallel, they must divide the 
exciting current inversely as their respective leakage 
impedances. The equivalent circuit diagram of this 
test condition is shown in Fig. 6. When the ratio is 
not unity, the windings may be paralleled through a 
suitable current transformer. 

3. Series Impedance Test. With the two windings 
connected in series opposition, (Fig. 7A), the voltage- 
drop across each winding can be measured directly, and 
knowing the current, the individual leakage impedances 
follow by Ohm’s law. With ratios other than unity, 
the two windings may be connected in series through a 
suitable current transformer (Fig. 7B), although the 
results are likely to be disturbed by the errors of ratio 
and phase angle of the current transformer. 

4. Parallel Impedance Test. If the two windings are 
excited in parallel-opposition, (Fig. 8), so that the core 
cannot be magnetized as a whole, the impressed voltage 
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must be balanced by the leakage impedance of the two 
windings, and the division of current between them 
will be inversely as their respective leakage impedances. 

Absolutely consistent results need not be expected 
from all these tests. In fact, the results will vary some- 
what with varying values of current and voltage even 
when using the same connection. The reason for this 


is that changes in the permeability of the core at various 
densities affect differently the reluctances of the external 
and internal parts of the magnetic circuit, neither the 


ek oe 


iron magnetic circuit nor the air magnetic circuit 
(which are in parallel) having uniform section or length. 
This fact was forced to the attention of the writer in 
1921 while investigating the division of third harmonic 
current between transmission lines and internal deltas. 
The method of test and some of the results bearing on 
the present discussion were as follows: 

5. Third Harmonic Tests. The division of exciting 
current, described under test method No. 2, would, of 
course, apply to the higher harmonics of the exciting - 
current as well as to its fundamental, at least to a first 
approximation. Hence, if two parallel paths are 
offered to the flow of the third harmonic exciting 
current, as for instance by two delta-connected wind- 


ings, (Fig. 9), the division of the third harmonic 
exciting ampere-turns between them must be inversely 
as their respective leakage impedances. Hence, having 
obtained the division of current by test, the division of 
the leakage impedance between the two windings fol- 
lows as indicated. ; 
The foregoing method was tested on a three-phase 
bank of two-legged core-type transformers having a 
number of concentric windings on both of the legs. 
One set of windings was connected in Y for excitation, 
and two sets were connected in delta, (Fig. 9). The 
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two delta windings had the same current and voltage 
rating and had low impedance between them, their 
60-cycle leakage reactance being about three times their 
resistance. Both of the delta windings were on one and 
the same leg of the core. The Y primary windings were 
chosen on the same leg as the delta windings in one set 
of tests (marked Case I. below), and on opposite leg 
in another set of tests (marked Case II. below), to 
observe the effects of low and high reactances between 
the primary winding and the two secondary delta 
windings, with results as follows: 


Third harmonic circulating 

current in each unit in per 

cent of the total third 
harmonie current 


Nominal fiux density in core 
SS Delta B Delta C 


Case { 38 Kilolines/sq. in.....51 percent 49 per cent 
| roadie i - ti 44 percent 56 per cent 

Low Reactance 

Case { 43 by Feige 48 percent 52 per cent 
ie 113 “ “ “ 


53 percent 47 per cent 
High Reactance 


It is of interest to note how the division of current 
(and reactance) changes with a change in core density, 
and also how the direction of change with high reactance 
primary is opposite from that with low reactance pri- 
mary. It may be remembered from earlier discussion 
that this is really a four-winding problem,—three real 
and one fictitious windings, and that the treatment of 
this as a three-winding problem, that is as two real 
(delta) windings and one fictitious winding representing 
the core, is justifiable only at the lower densities, where 
the primary exciting current and the corresponding 
flux in air are small, as confirmed by the fact that 
Cases I and II given above approach each other at the 
lower density. 


THE VIEWPOINT OF FLUX DISTRIBUTION AND LINKAGES 


Discussion of reactances by transformer engineers 
is frequently expressed in terms of flux linkages. This 
is the designer’s point of view, and has its uses in the 
determination of losses. As this involves a more 
detailed analysis of the transformer, one might be 
led to consider it more basic and accurate. However, 
as ordinarily handled, it has serious limitations. For 
instance, a common statement by transformer specialists 
is that most of the reactance of a transformer (say 
80 per cent to 90 per cent), is primary reactance and 
that only a'small portion (say 10 per cent to 20 per cent), 
is secondary reactance. Such a view, although con- 
ceding the relativity of individual reactances by assign- 
ing the reactance primarily to the excited winding, fails 
by not distinguishing between main and leakage fluxes 
and their composite. The basis commonly cited for 
the assignment of the total or major part of the re- 
actance to the excited winding is briefly as follows: 
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Ignoring the small resistance drops of the windings 
for simplicity, the net flux-linkages of each winding 
must be proportional to its terminal voltage. But on 
the impedance test the secondary terminal voltage is 
zero, and hence its net flux-linkages must be zero. 
This condition, however, does not require that no por- 
tion of the secondary should link any flux. Since 
windings must have some thickness, and leakage flux 
within their thickness, partial flux-linkages of the 
short-circuited secondary cannot be avoided, the magni- 
tude and sign of these partial linkages being such as to 
add up to zero. In making such an analysis it is found 
that the major part of the flux links exclusively the 
excited winding, a small part links both the excited 
winding and the short-circuited secondary, and another 
small part (equivalent and opposite to the preceding) 
links exclusively the short-circuited secondary. Bas- 
ing the resolution of reactance on such a resolution of 
fluxes, if net flux-linkages alone are considered all 
reactance becomes primary and none secondary; and 
if the partial exclusive flux-linkages of the secondary 
are featured, a small fraction of the total reactance 
becomes secondary. However, this plausible reasoning 
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fails by confusing the total short-circuit flux with the 
leakage flux. The flux distribution and linkages hinted 


- above are true only for the resultant of the main and 


leakage fluxes, and therefore the distribution or linkages 
of the latter cannot be considered a direct measure of 
the distribution of the leakage reactance. It would be 
erroneous to assume that there is no main flux under 
the impedance test condition, even ignoring the resist- 
ance of the windings. Main and leakage components 
of the flux may cancel in the short-circuited winding, 
and add up in the excited winding, as illustrated in 
Figs. 10a and 10b; but the fact that the linkages of the 
resultant flux with the secondary is zero could not be 
taken as a proof that the leakage reactance of that 
winding is zero, as this can be proven only by segre- 
gating the leakage flux proper and determining its 
linkages. The two component fluxes, under the 
impedance test condition, are so intimately merged into 
each other that their segregation, if attempted by 
measurements made on the composite flux, is most 


discouraging, as has been the experience of many an 
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investigator’. The practical solution of the problem 
would rest in making measurements under conditions 
in which only one kind of flux exists at a time: (a) 
leakage flux unmixed with main flux in one case, (b) 
main flux unmixed with leakage flux in the other. Con- 
dition (a) is realized by connecting primary and second- 
ary windings in series-opposition (one to one ratio) 
in which case no exciting current and hence no main 
flux can exist. Condition (b) is realized by open-cir- 
cuiting the secondary, so that no load current, and 
hence no leakage flux, can exist, and impressing on the 
primary a voltage equal to the secondary impedance 
drop measured in the preceding case. One small 
limitation must be borne in mind that due to the differ- 
ing permeability of the core at different clensities, the 
flux distribution and linkages for the resultant flux 
will not follow exactly the calculated values based on 
linear combinations of the two components. 


CONCLUSIONS 


(1) The idea of individual leakage reactance for 
circuits inductively related to each other is a very 
convenient conception for certain purposes; however, 
the resolution is not inherent and absolute, but is purely 
relative, and is workable only when the problem is 
theoretically resolvable into three circuits. With less 
than three circuits, the resolution is indeterminate, 
and with more than three circuits, it is not possible. 


(2) Ina two-winding transformer, such a resolution 
can have a significance only with respect to the exciting 
current. The resolution is then defined (in terms of 
three-winding theory) by conceiving the exciting current 
as caused by a load in a fictitious third winding. 


(8) As a practical definition, the individual react- 
ances of a two-winding transformer may be defined as 
the apparent individual reactances of the two windings 
in series-opposition connection, on the basis of 1: 1 ratio. 
Other methods of test are also described in the text, 
but perfect agreement among the various methods 
cannot be expected on account of the varying perme- 
ability of the core at the different densities involved. 
The different densities will influence the division of 


4. See for instance, K. B. McKachron, ‘‘Magnetie Flux 
Distribution in Transformers,’ JourNat A. I. E. E., 1922, pp. 
281-287. 

It may be noted that in the simple case of a perfectly sym- 
metrical magnetic circuit (ignoring the resistance and thickness 
of the secondary), the main flux @m and the leakage flux ¢, 
(shown in Fig. 10a for the impedance test condition) wipe out 
each other bodily where they fall together, as in the return leakage 
field of the secondary, and the resultant flux in this region be- 
comes zero, as shown in Fig. 10s. In actual transformers, the 
distribution of main and leakage fluxes in the return field are 
neither alike nor uniform, and, therefore, although the two will 
still neutralize one another’s total linkages, they will not wipe 
out each other’s fluxes at every point in the return path of the 
secondary leakage field, and some of the secondary leakage 
flux will retain its identity. It is this partial flux which is 
sometimes erroneously taken as the measure of secondary leakage 
reactance. 
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reactance very sensibly, even though they may not 
affect the total reactance appreciably. 

(4) In a three-winding transformer, it is not rigor- 
ously possible to assign a definite individual leakage 
reactance to each winding with reference to exciting 
current, but it is possible to do so with reference to their 
load currents. 

(5) Flux distribution and linkages under the short- 
circuit test condition apply to the resultant of a main 
flux and a leakage flux and therefore may not be taken 
as a direct measure of the division of leakage reactance 
between primary and secondary windings. 


Discussion 


SEPARATE LEAKAGE REACTANCE OF TRANSFORMER 
WINDINGS 
(DAHL) 


TRANSFORMER HARMONICS AND THEIR 
DISTRIBUTION 
(DaHt) 


RESOLUTION OF TRANSFORMER REACTANCES INTO 
PRIMARY AND SECONDARY REACTANCES 
(BoYAasIAN) 

Saratoga Sprines, N. Y., June 25, 1925 


J. F. Peters: In Mr. Dahl’s paper, as far as I can see, the 
assumption is made that the triple-frequency component of 
magnetizing current follows Ohms’ law, that is, there is inherently 
in the transformer a triple-frequenecy voltage and the triple- 
frequency component of current that will flow is that voltage 
divided by atriple-frequency impedance. If this is the case, then 
by decreasing the triple-frequency impedance to a small value, the © 
corresponding eurrent could be made quite large. Obviously 
this cannot be the case because when the triple-frequency current 
reaches a certain value, which is approximately 40 to 45 per cent 
of the fundamental-frequency current, the voltage wave takes on 
a true sine shape in which ease the triple-frequency voltage 
disappears. It may not be possible to decrease this impedance to 
a very small value within the transformer, but if it is a true 
impedance, it can be counteracted to any desired degree exter- 
nally. Also, if no triple-frequency current is permitted to flow, 
there will be a large triple-frequency voltage appear across each 
of the phases. In a transformer of commercial proportions and 
flux density, this voltage would amount to approximately 75 per 
cent of the fundamental-frequency voltage, which, in the trans- 
former analyzed by Dahl, would amount to 100 volts triple- 
frequency. Then the triple-frequeney current that should flow 
in any winding should be that voltage divided by this triple 
frequency impedance. He findsin winding one a triple-frequency 
impedance of approximately one-half ohm. This should give 
a triple-frequeney current in the order of 200 amperes. Actual 
measurements show approximately two amperes. 


Since this triple-frequency impedance is not a true impedance, 
that is, its X value is not a consonant, there are a number of 
operations used by Mr. Dahl that may be questionable. For 
instanee, in his paper on Transformer Harmonics, etc., on the 
seventh page, first column, paragraph 3, in measuring the 
triple-frequeney current in two delta windings, when measuring 
the current in one winding, the corresponding resistance in 
the other winding was short-circuited in order. to use the 
same measuring instrument in both, and vice versa. This 
resistance in the measuring instrument is quite large. It is of 
the order of the total impedance of the winding. _That means, 
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in shifting from one winding to another, the triple-frequency 
current distribution between the windings has been changed, 
and since the triple-frequency impedance obtained applies only 
to the particular flux density and triple-frequeney current under 
which the test was made, there is a chance for considerable error 
being introduced. 

There is another point in connection with the paper that makes 
me feel that perhaps something not permissible was done. Mr. 
Dahl determined the triple-frequenecy impedance of his trans- 
former by two methods: In the two-winding methods, he deter- 
mined X3 between coils 1 and 3 and found the value to be 1.275. 
By means of the three-winding method, he determined X3 be- 
tween windings 2 and 3 and found it to be 1.836. The distance 
between coils 2 and 3 is three-quarters of an inch. The distance 
between coils 1 and 3 is approximately 0.95 in. That being 
the case, the reactance X3 measured between coils 1 and 3 
should be approximately 25 per cent higher than measured 
between coils2and3. Actually, he finds it to be approximately 
96 per vent, so that there is a considerable discrepancy between 
X3 measured by the two methods of the order of 25 or 30 per 
eent. That could hardly be considered within engineering 
accuracy. 

The methods used by Mr. Boyajian are so simple and direct 
that I feel the chances of error are very remote and you will note 
in his one set of tests that he gives the distribution of triple- 
frequency current between two delta windings, that distribution 
changes with flux density which also shows the fictitious triple- 
frequency impedance is not a true impedance but changes with 
conditions. 

V. Karapetoff: Consider a two-winding transformer, with or 
without an iron core, and disregard saturation and core loss. 
Such a transformer ean be first replaced by one of one-to-one 
ratio of turns, and then by an equivalent diagram shown in Fig. 1 
of Mr. Boyajian’s paper (with a pure reactance in the exciting 
branch). In this diagram, the values of the leakage reactances 
Z, and Z; are perfectly definite, namely Z; = Z;1— Xie and 
Z, = Z— Xi2, where Z;1 and Z,! are the total impedances of 
the windings (leakage plus mutual flux) and X,2 is the mutual 
reactance. Therefore, rather than convey an impression that 
eakage reactances are fictions valid for one purpose and not 
valid for other purposes, would it not be better to say that in a 
two-winding transformer these reactances have a definite mean- 
ing in the equivalent diagram and must be interpreted in the 
actual transformer with reference to this equivalent diagram? 

In a transformer with more than two secondaries, the in- 
definiteness of the division of the leakage fluxes among the 
individual windings lies in the very nature of the phenomenon. 
Consider for example a ‘‘split’’ single-phase line, consisting of 
two lines on adjacent cross-arms. The inductance of such a line 
depends upon the fractions of the total load carried by the two 
loops, and is different for different divisions of the load. 


R. G. McCurdy: It seems to me that Mr. Boyajian is in 
error in stating that the difficulties which have arisen in dividing 
leakage impedances between windings are due to any lack of 
definiteness of the problem. The generally acceptable definitions 
of the individual leakage reactances are given by equations (10b) 
and (11b) of his paper. In two-winding transformers, when the 
exciting current is ignored, a single leakage impedance equal to 
the’sum of the two individual leakage impedances may be used in 
computing regulation under load, and with three-winding trans- 
formers ignoring the exciting current leads to the set of equations 
(1) (2) and (3) of his paper which express individual impedances 
in terms of the total leakage impedances between pairs of wind- 
ings. I think it leads to confusion, however, to call such in- 
dividual impedances of three-winding transformers “individual 
leakage impedances.” 


When it is desired to determine division of exciting currents 
between different windings the above simplifying assumptions 
may not be made. Knowledge of the individual leakage react- 
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‘ing quantities of the transformer under test. 
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ances is then necessary. With two-winding transformers the 
simple equivalent network of Fig. 1 of Mr. Boyajian’s paper may 
be used. This same network will also apply when considering 
the division of harmonic exciting currents in three-winding 
transformers when one of the windings is connected so that 
current of that frequency is suppressed. When current may 
flow in all three windings a more complicated network must be 
set up involving in general seven impedance elements. 

While it is true that fairly simple arrangements may be used 
for determining the individual impedance of unity-ratio trans- 
formers, the application of such methods to transformers of 
other ratios presents difficulties. Take for example the circuit 
of Fig. 78 of Mr. Boyajian’s paper. An equivalent circuit is 
shown in the appended Fig. 1. It will be evident by inspection 
that if the ratio of the secondary leakage impedance to the ex- 
citing impedance is the same for both the transformer under test 
and the current transformer, the secondary voltage will be zero 
and the primary voltage will be the same as that obtained on a 
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Transformer 
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Current Transformer 


, ’ 
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Fie. 1—Circuir EquivaLent To Fic. 7 or BoyasIAN PAPER 

WITH CURRENT TRANSFORMER 


short-circuit test. ‘To determine the individual leakage impe- 
dances accurately by such a scheme, the secondary leakage im- 
pedance of the current transformer would need to be very low and 
the exciting impedance very high as compared to the correspond- 
Similar difficulties 
arise in the use of potential transformers in determining the 
division of exciting currents between the windings. Mr. Boy- 
ajian erroneously refers to the use of current transformers for 
this purpose. 

For these reasons such methods for determining the individual 
leakage impedances do not seem to have much practical im- 
portance. Methods based upon the division of triple-harmonie 
exciting currents as discussed by Mr. Dahl appear to be mor 
useful. 

I note in comparing the test results of Mr. Boyajian and Mr. 
Dahl a considerable difference in the effect of magnetic density 
on the individual leakage impedances. I wonder if they have 
been equally careful to eliminate the impedances of measuring 
instruments and the effects of fundamental and harmonies other 
than the third. If I read Mr. Dahl’s paper correctly he has 
largely eliminated errors due to these sources. 

J.F. Peters: In view of what Mr. McCurdy stated I would like 
to amplify a point that I intended to make in the first discussion. 
I feel that the method that Mr. Dahl has used is of considerable 
value in many applications but it must be carried on with great 
care. The point I wanted to bring out was that the impedance 
obtained by this method applies only to that particular flux 
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density and value of triple-frequencey current, that it isnot a true 
impedance. Care should be taken to retain the currents in their 
normal values. It is very unfortunate in the tests of the two 
deltas that Mr. Dahl made that it was necessary to short cir- 
cuit the resistance in one delta while measuring current in the 
second. This is more nearly a constant-current proposition 
than it is a constant-potential proposition. That is, if you were 
to insert in the corner of the delta sufficient impedance to reduce 
the current to one-half of the value, the residual triple-frequency 
voltage would be more than double. It will not follow that law 
at all and I feel that there may be some considerable errors in the 
actual values obtained by means of changing the distribution 
of current. 

L.P. Ferris: Without enteringinto the technical controversy 
that appears between the papers by Messrs. Dahl and Boyajian, 
I wish to point out one example of the practical importance of a 
solution of this problem of the division of impedances between 
transformer windings. The example to which I have reference 
arises in connection with the inductive relations between power 
circuits and neighboring telephone circuits. When the neutrals 
of transformers are grounded it is important to know how the 
triple-harmonie exciting currents divide between the several 
windings of the transformer and particularly how these currents 
divide between closed deltas and the windings which are con- 
nected to the lines with grounded neutrals. This is a practical 
problem of great interest in addition to the problems of the effect 
of these impedances on regulation and on the division of load 
between windings. 


It will be appreciated that this distribution of the triple-har- 
monic currents is a perfectly definite thing which is determined 
in practise as soon as the transformer is connected to the line and 
is controlled by the characteristics of the transformer and of the 
line. The transformer impedances involved may be called by the 
term “leakage impedance”’ or by some other term. However, 
there is this very definite distribution which takes place and it is 
necessary to carry our analysis to the point where this distribu- 
tion may be predetermined. Thus it may be possible to pre- 
determine the effect of a given change in connections or the effect 
of the addition of a new bank of transformers in a complicated 
network. 


This problem was encountered by Mr. McCurdy, Mr. Cone 
and myself about ten years ago in connection with our work in 
California with the Joint Committee on Inductive Interference. 
There are discussions of it in several of the technical reports of 
that committee which have been published by the California 
Railroad Commission. 

The interest which is now being manifested in this subject by 
the colleges and several manufacturing concerns is very gratifying 
and I hope that it will continue until a common understanding 
isreached. This problem is one which is now engaging the atten- 
tion of the Joint Subcommittee on Development and Research 
of the National Electric Light Association and the Bell System 
and I am sure that this committee will welcome any contribu- 
tions to a solution by engineers either from the manufacturers or 
from the colleges. 

C. T. Weller: I would like to discuss the subject of trans- 
former reactanes with particular reference to instrument trans- 
formers. 

The use of instrument transformers has been referred to by 
Mr. Boyajian, so I will first comment on that. Hestates, under 
“Experimental, Resolution,” that when instrument transformers 
are used, the results will be complicated on account of the errors 
of ratio and phase angle introduced thereby. Theratioand phase- 
angle errors of properly designed instrument transformers are very 
small and can be very accurately determined if the condition of 
use can be reproduced in the calibration. If I understand the 
diagrams correctly, the condition described in Paragraph 1 can 
be accurately reproduced, but this is not the case with respect to 
Paragraphs 2 and 3, because it is entirely possible that the exci- 
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tation of the instrument transformer may be wholly or partly 
supplied from the secondary due to differences in the characteris- 
tics of the transformers. I believe that the reference in Para- 
graph 2 should be to a potential rather than to a current trans- 
former. In this connection, I would like to emphasize the point, 
which has already been made, that the detectors used in these 
tests may considerably complicate the results. 

Instrument transformers are usually two-winding transformers 
with the primary surrounding the secondary. We have deter- 
mined the approximate individual leakage reactance of the 
windings of a few of our standard transformers by calculation 
from the ratio and phase-angle and exciting-current results. The 
results are somewhat indeterminate due to the very small errors 
of the transformers. I might add here that in transformers of 
this grade, the effect of third and higher harmonics is negligible. 

For potential transformers of moderate voltages, the primary 
leakage reactance may be taken to be about one-half of the total 
reactance obtained from the short-circuit impedance test. The 
range of phase angle, for the limiting cases of first assuming that. 
the primary has zero leakage reactance, and second, that all the 
leakage reactance is concentrated in the primary, may not exceed 
five minutes. This indicates that the phase-angle error is very 
small. The leakage reactance appears to be constant under all 
normal load conditions. The total impedance and reactance 
appear to be the same at rated voltage as at the low voltage 
obtained in the impedance test. This makes it possible to 
determine in advance rather than to obtain by trial the power: 
factor of the output which will give the maximum ratio error. 
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For current transformers of the ring-core type, with evenly 
distributed windings, the secondary leakage reactance may be 
taken to be zero. For current transformers of moderate voltage 
ratings and of low ratios of the square-core type, the leakage 
reactance may be taken to be approximately one-quarter of the 
total leakage reactance obtained from the short-circuit impedance 
test. This value applies over the range of rated current. For 
moderate overloads, the value may reach over one-half of the 
total leakage reactance. At heavy overloads, the saturation 
of the core greatly complicates the results. 


To sum up, the approximate division of the leakage reactance 
of the windings of instrument transformers has been given for a 
few cases. These results were obtained by calculation from 
the ratio and phase-angle and exciting-current results and were 
referred to the results of the short-circuit impedance tests. 
This method is applicable to any two-winding transformers. 

K. K. Palueff: In regard to the Resolution of Reactances, 
it is perhaps of interest to see the results of theoretical analysis 
of an elementary transformer. They are two concentric circles in 
air (one of which serves as primary and the other as secondary). 

These results can best be presented in graphic form. 

Fig. 2 herewith gives voltage induced in exploring coils of var- 
ious diameters placed concentrically with the circles and in the 
same plane. This voltage is expressed in per cent of total volt- 
age induced in primary (which in this case is the outer circle). 
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Fig. 3 gives voltage distribution in case the inside circle is 
primary. 

In both cases the secondary circle is short circuited and is 
assumed to be of zero resistance. These examples are calculated 
for circles of 43 and 49 centimeter radius and round conductors 
of one centimeter diameter. 

From the curves the direction and density of the flux in the 
plane of the circles can be determined. 

In Fig. 2 we find that beginning from the center the voltage 
increases to a certain point (H»,) inside of the region enclosed by 
the secondary circle, and then gradually diminishes reaching 
zero in the region occupied by the shorter circle. This means 
that in the region encircled by the secondary there are two fluxes 
(+ Fm, — Fm) equal and opposite and with boundary line 
coinciding with the point of maximum voltage of this region, (Em). 

As we proceed the short-circuited circle toward the 
excited outer circle voltage is steadily increasing. At a cer- 
tain point it reaches the value of maximum of the region encircled 
by a secondary (Em). This point therefore lies on the outer 
boundary of the secondary flux (— Fm). 
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After passing the primary turns voltage begins to diminish 
and at certain points reaches again the value of maximum of the 
region enclosed by the secondary, thus marking the outer 
boundary of flux linking with the primary circle alone (Ff) and 
of the flux linking with both turns (+ F,,). 

Fig. 3 gives voltage distribution-in case the inner circle is 
excited and the outer short-circuited. 

W.V. Lyon: The method of analyzing the performance of a 
transformer that Mr. Dahl outlines has some interesting possi- 
bilities when applied to three-circuit transformers. It seems 
to me that it makes clearer some points that Mr. Boyajian 
brings up in his recent paper on the theory of such transformers.! 

When three circuits are magnetically coupled the instantaneous 
terminal potential of one of them may be equated to the sum of 
four components. 


1 =r +h 


The difficulty met in handling this equation is due to the fact 
that with an iron magnetic circuit the inductances, both self 
and mutual, are variables, being functions of the currents. As 
far as the solution of a great number of problems goes, however, 
this difficulty can be removed entirely by the following device. 
While the principle of the device is old, the way of presenting 
it is not so common, especially in the case of transformers with 
three windings. The magnetic flux distributions which account 
for the self and mutual inductances may be divided into two 
components. By far the greater portion of the flux is confined 
to the iron core, but a smaller part exists wholly or partially 
in air. This smaller part, however, determines almost entirely 
the operating characteristics of the transformer. This thought 
is interesting. 

1. Theory of Three-Circuit Transformer, A. Boyajian. A. I. E. E. 
Journat, April 1924, p. 345. 
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At this point we will assume that the flux that is wholly 
within the iron core depends only upon the value of the ampere- 
turns producing it, and is entirely unaffected by the position 
of these ampere-turns with respect to the core. While this 
is not precisely true the error must be very small. That is 
to say, this flux that is wholly within the iron is the same whether 
produced by a given number of ampere-turns in circuit one, 
two, or three. Let M be the value of inductance assigned to 
each circuit on account of this flux. This inductance is variable. 
The remainder of the flux due to any of the circuits is wholly 
or partly in air and for this reason is essentially proportional 
to the current in the circuit. In all that follows we will assume 
that each of the three circuits has the same number of turns. 
The method of treatment when the number of turns is different 
is well known. Thus if we subtract from the self and mutual 
inductances given in equation (1) the inductance M the result in 
each case will be an inductance of constant magnitude, being 
due to flux that exists wholly or partly in air. Equation (1) 
becomes 


di di 
Ma Ma 
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1 Mtr + Ly ) 7 al 


dt d 
+ (Mi — M)" + M—— Gi tia +) 


The last component is the electromotive force produced in 
each of the windings by the action of the flux that exists wholly 
in the iron. Hereafter we will represent it by the letter e, or 
E, if the equation is written in the vector form. Following the 
nomenclature that Dahl uses we will write 


(Li — M) g 


Ete gree 
(M ae lee 

12 ) dt rae jl c8 
and 


d 
ae =) X13 


Therefore we will now write equation (1) thus: 


Vi =(nt+jeu) li + 7telia tits: +2 (2) 
Likewise 

Vo = (r2 +5 22) I2 +f t2ti +ja3I3 +E (3) 
and 

Vo = (r3 +f X33) Is +9 tisI1 +j %23l2 + # (4) 


211 is the self reactance of circuit (1) due to flux that is wholly 
or partly in air. It is thus a constant quantity. Similarly ri. 
is the mutual reactance between circuits (1) and (2) due to flux 
that is wholly or partly in air. It is likewise a constant quan- 
tity. The meaning of the other reactances 22, %33, 23 and 213 
is at once evident. In order to proceed with the problem effect- 
ively and without too much difficulty it is necessary at this 
point to assume that the sum of the currents in the three circuits, 
that is the net magnetizing current, is insignificant in ecompari- 
son with the individual currents themselves. This assumption 
limits the scope of the solution, but with about full-load current 
in the circuit it is nearly true. At any rate it is a customary 
assumption and need cause no concern. Thus we will write 
equation (8) as 

h+I;+1; =0 (5) 


Equations 2, 3, 4, and 5 are fundamental in determining the 
operation of three-circuit transformers. 
The voltage drop between the terminals of circuits (1) and 


(2) ¢.e. (Vi — Vo) is, if it isnoted that 7; = — I; — I. 
Vi — V2 =Iri +9 [eu — 212 + 223 — 213)] 
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— [re SR) (%a9 — Diz — L238 + x13) 72 (6) 

Similarly 
Vo — V3 = [re 19) (22 — Yas — Fie + £13) | I, 

— [rs +7 (@33 — %23 + tig — X13) ] Ts (Z) 
Also 
V; —Vi =[rs +3 (%33 — is + Lig — X23) Is 

— [ri +9 (tu — 21s + f23 — X12) ) Ii (8) 


It will be noted that these last three equations may be written 
as follows: 

Vi — V2 =4111 — Zelr 

Vo = Veg — Lol — Z313 

Vs —Vi = ZsI3 —“ili 
The impedances Z,, Z. and Z; in these equations are the same 
as Z,, Zz and Zc that Boyajian uses. In the same way that a 
two-circuit transformer may be represented by a single coil 
as in Fig. 4, so a three-circuit transformer may be represented by 
three coils as in Fig. 5. 

Equations (6), (7) and (8) throw some interesting light on 
the composition of the impedances that are associated with the 
three equivalent coils shown in Fig. 5; e. g.,%11 — “12 is the 
leakage reactance between circuits (1) and (2) while w11 — 21: 


Z Equivalent ~ 


is the leakage reactance between circuits (1) and (3). The 
equivalent reactance of circuit (1) is the leakage reactance of 
(1) with respect to (2) plus the differential effect of (3) upon (1) 
and (2). If the third circuit were symmetrically located with 
respect to the other two circuits its mutual effect upon each 
would be the same; x2; would equal «13; and the equivalent 
reactance of (1) would be its leakage with respect to (2) alone. 
Or, if the third circuit did not carry any current the terms 
23 and x; would not enter into the equivalent reactance of the 
first circuit. This also appears if in equation (6) J: is equal to 
—I,, i.e.I3 =0. It will be seen that the drop between the 
first two circuits is then 
Vi — Vo = [ri +f (11 — tin) +12 +7 (22 — tue) Ii 

Now it is evident that it is only when 711 = 222 that the leakage 
reactance of (1) with respect to (2) is equal to the leakage 
reactance of (2) with respect to (1). Again, if it is possible 


to arrange the circuits so that the mutual reactances between 


circuits (1) and (2) and between (1) and (8) are relatively large 


in comparison with the mutual reactance between (2) and (3) - 


it may be that the equivalent reactance of circuit (1) will be 
negative. Boyajian mentions this. 

If one or two of the three circuits delivers power to a load to 
which constants R and X may be assigned, the terminal potential 
of the circuit may be replaced by — I (R + 7 X);e.g., in the 
case of a load on circuit (3) equation (4) may be written: 

Ig (R+g7X +73 +59 o33) Is +9 tisti +f v2 12 + FE =0 
In this way it becomes a simple matter to determine the power 
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currents in each of the windings of a three-cireuit transformer. 

Another even more interesting point is the operation of 
three-circuit transformers on three-phase circuits. In this 
case the third circuits of each transformer are usually connected 
in delta and spoken of as the tertiary delta. One of the principal 
reasons for this is tu.provide a sure path for the third harmonic 
exciting current if the other windings are both connected in Y. 
The tertiary A is also used to supply power, often at a relatively 
low voltage. The general method of analysis is as follows: 
Write the voltage equations similar to equations (2), (3) and 
(4) for each winding of each transformer, nine equations in all. 
Add the voltages across the three windings numbered (1) and 
divide by 3. By definition this is the zero-sequence voltage 
in the first winding’. This gives 

Vio = (m1 +9 11) L10 +9 Li2 T20 + 79 %13 L30 + Eo (9) 
This assumes that the three transformers are in all essential 
respects identical. The added subscript O signifies that the 
quantity is the zero-sequence component. Likewise, we may 


write 
Voo = (r2 +79 X22) Loo +9 ®ialio + 9 X23 130 + Eo (10) 
Va0 = (rs +9 X33) Iso +9 is Lio + 9 L23 120 + Eo (11) 
If the third windings form the tertiary delta, V3. is zero. This 


gives a useful relation for Ey which may be substituted in the 
other equations (9) and (10). Making this substitution gives 


Vio = (ri seat) Ese —j iz) Tio sim) (ti2 — %23) Tao 


— (73 +7 X33— j X13) Tao (12) 
and 
Vo = (12 sey Lo -—Jj X23) Leo +4 (12 = X13) To 
— (73 +7 X33 — J X23) Iso (13) 
We also have the general relation that 
Tio + I2o +130 = O (5) 


Let us consider a few of the cases that may commonly arise. 

1. Primaries and secondaries in A. 

In this case Vip = O and Vx» =0,and the only values of 
the’ zero-sequence currents that will satisfy these conditions| 
are zero. That is, there can be no zero-sequence load current 
in any of the windings under any condition even if it should 
exist in some unbalanced A-connected load, as it might. Or, 
it may be said that any current that may exist in either of 
the other deltas can only affect the current in the tertiary 
delta to a minor degree. That is, additional current in either 
delta will probably produce a small change in the terminal 
potentials of the tertiary windings and so alter the currents 
they may be delivering. Other than this the tertiary current 
is not affected. Indeed, as is well known, it is only when there 
is the possibility that the primary or secondary may carry zero- 
sequence currents that there can be produced any important 
modification of the tertiary currents, except, of course, as the 
load diréctly connected to the tertiary windings is changed. 

2. Primaries in A, secondaries in Y with neutral grounded 
and with a current to ground of 3 Jc. 

In this case the zero-sequence current in the secondary is 
Tc and from equation (5) 

fila Fs , 
Since the primaries are in A, Vip = 0 and we thus have 
(ri +9 211 —j 218) Tio +7 (@i2 — Las) Ic 
— (73 +7 Gs — J 13) Io = O 
Eliminating J,) from three equations gives 
Zi 
Z2i+Zs 


For the meaning of Z; and Z; see equations (6,) (7), and (8) 
and the three following ones. That is, the total current to 
ground divides between the primary and tertiary as it would 

2. Methods of Symmetrical Co-ordinates Applied to the Solution 


of Polyphase Networks, O. L. Fortescue, A. I. E. E., pepe lal 
1918, Vol. XXXVII, p. 1027. sake " 


I30 = —Ic 
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between two impedances Z; and Z; connected in parallel. There 
are also the positive- and negative-sequence currents. But 
they are equal and opposite in the primary and secondary just 
as if the tertiary were not present. The zero-sequence com- 
ponent in the secondary voltages is from (13) 
Zils + Z7.Z3 +232, 
V2 2 SS Se eee 20 
Z,1+ 22 

For the meaning of these impedances see equations (6), (7) and 
(8) and the three following ones. 

Another interesting point about this connection is that 
the third-harmonic component of the exciting current divides 
between the primary and tertiary but not in the same proportion 
as do the load currents. Since in this case the secondary can 
carry no third-harmonic exciting current,’ it is without effect 
on its division between the primary and tertiary, and the im- 
pedances that are involved are the true leakages between these 
windings. The ratio of the third-harmonic components is: 


Ts ie go (tar — Cig) 
I, r3 +93 (X33 — 13) 


In the first case, however, in which all of the windings are in A, 
the third-harmonic components of the exciting current will 
divide between all three windings inversely as their third-har- 
monic impedances. That is, the third-harmonic components 
divide as: 


I, 
M +973 (Gir — Vig - Ves = Fin) 


I, 
ro +7 3 (22 — Le3 — Lie + 213) 


I; 
r3 +793 (X33 — Lis — X23 + 212) 


3. Primaries in Y, secondaries in Y with neutral grounded. 

In this case the sum of the primary currents must be zero and 
Ix. is thus equal to zero. From this I3. equals — J2o which 
is one-third of the current to ground. Again there are also 
positive- and negative-sequence currents of the same magnitude 
which are equal and opposite in the primaries and secondaries 
. but which do not exist in the tertiaries. In this case ground- 
ing the generator neutral has no effect on the current distri- 
bution since the generator is otherwise insulated from the 
secondaries. The displacement of the primary neutral, viz. 
Vio, is from equation (12) 

Vio =InZs3 
The displacement of the secondary neutral is 
Voo = I (Zo a5 Z3) 

4. Primaries in Y with neutral grounded; secondaries in Y 
with neutral grounded; generator neutral also grounded. 

If there is no impedance between the generator and the primaries 
and the generator is balanced, the zero-sequence primary voltage 
is zero. That is Vio = 0. ‘Thus we have: (see equation (12) ) 
(mr. +9 %11.— J 13) Tio +7 (Wi2 — X23) L20 

—a(Neeae jf) Cag —J%13) Is. = O 
also 
Tio + L200 +130 = 0 
But Joo = Ic where 3 [cis the current to ground on the secondary 


side. Solving these relationships gives, as in case 2, 
Zi 
fing See he Se 
fo 7 By + Bs 


The displacement of the secondary neutral or the zero-sequence 
component of the secondary voltages is the same as in case 
2 if there is no impedance between the generator and the 
primaries. 


3. The secondary terminals are assumed to be free. - 
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If there are equal line impedances of Z between the generator 
and the primaries and an impedance of Z,, between their neutrals 
the current in the tertiary is 


Z4:+Z+2n 
G 
4,4+Z44+2,+2; 


The general effect of this is to increase the tertiary current. 
If there is any unsymmetry in the lines between the generator 
and the primaries the solution is somewhat more difficult in- 
volving as it does the positive- and negative-sequence currents. 
For in this case a positive sequence load current will give zero- 
sequence line drop due to the negative-sequence component of 
the line impedance. Grounding the neutral of a Y-connected 
system has of itself no effect in determining whether or not 
there is a zero-sequence component in the Y voltages, for it is 
possible even with the neutral grounded that the sum of the 
Y-voltages should not be zero. 


pn == Sk 


There are several interesting cases involving auto-transformers,* 
of which we will consider three. The fundamental equations are 
now in slightly different form. Refer to Fig.6 herewith. All of 
the resistances and reactances will be given on the basis of a 
transformer which has the same number of turns in windings 
(1), (2) and (8). The voltages in the individual windings are 
given in equations (2), (3) and (4). The primary potential, 
Vin, is however V; plus V2 and is , 


Tertiary A 


Hing. 6 


Vin =11 (rm Hj @n +5 ti) +12 (ro + 7j ton +7 212) 
+ Is (7 213 +7 X23) +2# 
Eliminating H as before gives 
Vno=Lio(rity tity Vi2—j 2 Liz) +La0(ret+j Lo2+j Li2—J 2 X22) 
— 130 (2 73 +7 2 X33 —j@is — j T23) 
Substituting the relation that Joo = — J1o0 — I3s9 we have 
Vno = I10 (41 — Z2) — [30 (Z2 + 2 Zs) 


If both the generator and transformers are grounded and there 


is no impedance between the generator and the transformers 
and the generator voltages are balanced, Vo, equals zero, and 


(Zi — Z:) 
Z2+2Z; 


Thus if the tertiary is symmetrically located with respect 
to both of the other windings of the auto-transformer and 
they themselves are symmetrically located with respect to 
the iron core the tertiary will carry no current since in this 
case Z, and Zs are equal. If, however, the generator is un- 
balanced or there is impedance between it and the transformer, 
the tertiary will carry current even though the windings are 
symmetrically located as described. 

In case the generator is not grounded the zero-sequence 
current Jo is zero and Js) equals — J 2, that is, it is one-third 
the current flowing into the neutral of the transformers. The 
displacement of the transformer neutral in this case is 

Vno = I20 (Z2 + 2 Zs) 
If the generator is grounded but the neutral of the transformers 


T 30 = Io 


4. Performance of Auto-Transformers with Tertiary Windings under 
Short-Circuit Conditions. J. Mini, Jr:, J. L. Moore, R. Wilkins. A.I. E.E. 
TRANSACTIONS 1923, page 1060. 
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is not grounded, the zero-sequence current in the tertiary must 
be equal and opposite to the zero-sequence current in the pri- 
mary since Jo) = 0. That is, it is one-third of the current to 
ground either at the generator or load. The displacement of 
the transformer neutral is now 

Vno = Lio (Z1 HE 2 Zs) 

The performance of the four-circuit and, in general, of the 
n-circuit transformer can be calculated by the same methods. 
When the transformer has more than three circuits little, if 
anything, is gained by attempting to represent it by an equiva- 
lent net work. 

Using the same nomenclature as before we may write: 


Vi=/, (rity ti) +7 T12 Tety T13 I3sty Lislg+H (14) 
Vo=Le (rot+j 22) +7 12 Ii t+j te3T3+7 aly +H (15) 
V3s=TI; (rs +7 33) +7 Li3 Ii+j e312 jts3sl4+H (16) 
Y=, (ray Daa) 7 Tia Tot) toslotj t3sIs +H (17) 
Also 

Iy+1,+1; +1, =0 (18) 


These five fundamental equations may be handled by a 
variety of ways. Since there is some advantage in having 
them in symmetrical form we will use the following method of 
elimination. First eliminate H# by taking successive differences. 
Then eliminate J, from the first difference, J, from the second 
difference, and J, from the third difference. These three equa- 
tions together with equation (18) are sufficient to determine the 
currents in any ease. If it is of any advantage, the loads on 
any of the windings may be replaced by their equivalent im- 
pedances, in which case the terminal voltages of these circuits 
will of course be taken as zero. We thus have: 


Vi-Veo-f, [ri +) i219 — 04 + 294) ] 


—Telretj (H22 —Xie+H14—Xa4) ] +] (%13—2Xe3 +2%24—214) T; (19) 
Vo—V3=12 [r2+7 (22 — L232 —212+213)] 
—I3 [rst (33 —X%23+%12—413) ] +9 (@13 —@34t%21—X12) I, (20) 
Vi-—Vi =I; [rs +9 (X33 —%X34 —2%23+224)] 
—I¢ [ratty (©44—X34-+%23 — 24) ] ated (®24—%14 +213 —Xo3) I, (21) 
and the relation that 

eb: is ia (18) 


An examination of these equations shows some interesting 
facts in regard to the impedances. In the first equation 
ry +7 (1 — 12 — 214 +204) is the impedance that would be assigned 
to the first winding if the first, second and fourth windings were 
considered as a three-circuit transformer. We will represent 
this by Zio. The impedance re + 7 (%e2 — 2i2 — 214 — Zo) 
is that which would be assigned to the second winding if the 
first, second and fourth were considered as a_ three-circuit 
transformer. We will represent this by Z2iz. The first sub- 
script shows to which winding the impedance is attached. 
The second and third subscripts indicate which of the other 
windings are grouped with the first to form a three-circuit 
transformer. The order of the second and third subscripts is 
unimportant; that is, there is no difference between Zio, and 
Zis2. It will also be noticed that the coefficient of J; in the 
equation (19) is Zs13 — Zo14, that the coefficient of J, in equation 
(20) is Z342 — Zsi2, and that the coefficient of J; in equation (21) 
is Z413 — Za23. Thus the equations of differences may be 
written as follows: 


Vi — Vo = 11 Zins — Ta Zorg +13 (Geis — Zara) (22) 
Ve — V3 = 12 Zon — 13 Zae1 + Ts (Zau2 — Zaie) (23) 
Vs — Va = 13 Zaax — Ta Zas2 + Ji (Zais — Za23) (24) 


There are some other interesting relations between these 
impedances. 
For example, 


Zi24 a 2128 gt Faro, Zor4 =P Zor3 
Z 134 ee 2132 = Zsa ets Z312 
Zari a Z 428 =.— Zo + Zoas 
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The values of these impedances can be determined by measure- 
ment if voltage is applied to one winding and one of the other 
windings is short-circuited. If, for example, Zi2 is the leakage 
impedance of the first and second windings when neither of the 
others carry current, then it follows? that: 


Zi2 + Ziz — Zas 
2 


O. G. C. Dahl: I first want to discuss the paper by Mr. 
Boyajian. Mr. Boyajian states that the separate leakage 
reactance of one winding of a transformer is not a definite 
quantity. It seems to me, however, that before we make any 
attempt to determine whether leakage reactance is an explicit 
quantity or not, we ought to have an accepted definition of what 
we mean by the term leakage reactance. Leakage reactance of 
one winding with respect to another ought, in my opinion, to be 
the reactance caused by the part of the flux set up fully or partly 
in air by a current in the first winding which does not produce any 
linkages whatever with the second winding. I believe that on 
the basis of this definition, the separate leakage reactance of a 
winding is. a perfectly definite quantity and does not in any man- 
ner depend upon the connections or the load conditions. 


Of course, this reactance is not the reactance which should be 
assigned to a winding in a three- or four-circuit transformer when 
more than two of the windings carry current. The reactance of 
a winding in this case is a leakage reactance in the sense that it is 
caused by fluxes which do not exist exclusively in the core. 
These fluxes, however, are not entirely leakage fluxes according 
to the definition given above. They are partly mutual fluxes, 
and give rise to mutual reactances (‘‘mutual leakage reactances’’ ) 
which enter as a part of the total or effective reactances. This 
idea, I think, is very clearly brought out in the discussion by 
Prof. Lyon. 


Zi23 = 


Mr. Boyajian makes use of the classical representation of the 
two-circuit transformer and states that the splitting of the 
reactance into primary and secondary has no meaning unless the 
circuit representing excitation is considered. It should be noted. 
that such a three-cireuit network is not an exact representation 
of a two-circuit transformer, although it represents the trans- 
former very closely. 


Let us assume then that Fig. 3 in Mr. Boyajian’s paper repre- 
sents a two-cireuit transformer. According to the classical 
theory the voltage across the excitation impedance (Z;) should 
equal the voltage induced in the windings by the flux which 
exclusively exists in the core (usually called the mutual flux). 
If this is assumed and the network is analyzed on the three-cireuit 
basis, it can be shown that the presence of the fictitious excitation 
circuit does not affect the distribution of reactance between 
primary and secondary. Considering the currents positive when 
flowing toward the common point, the equations for a three- 
circuit transformer are: 


Wi =(n + feu) li tj tele +7 zisls + # (1) 
Vo = (ro +f 22) Jo +9 Mi211 +f t23I3 + E (2) 
Va = (r3 +9 X33) [3 +7 21811 + 9 texle +E (3) 

it+i2 +13 =0 (4) 


The reader is referred to Prof. Lyon’s discussion for a com- 
plete explanation of the symbols. Equation (4) signifies that. 
the exciting current is neglected in the three-cireuit transformer, 
while for the two-circuit transformer it simply indicates that the 
sum of the primary and secondary currents equals the current 
required for excitation. When these equations apply to the 
two-cireuit transformer, evidently V; = 0. Introducing this 
in equation (3), the following expressions may be obtained from 
the equations above: a 


Vi = 4111 — ZsIs = [ri +9 (tun — 213 + 223 — 212) Ti 
— [rs +7 (ss — tis + %i2 — Z2s)]T3 (8) 
Va = Z2T2 —Zs13 = [ro +9 (22 — X25 + tis — ia) Te 
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= [rs q2 i) (33 — %o3 + Cie — tis] Is (6) 
which may be written 
Vi =Z3U1 +12) + Zih (Z) 
V2 = Z3 (U1 +12) + Zale (8) 
The term Z; (J; + I) represents the voltage across the excita- 
tion circuit and shall be equal to the voltage (Hc) induced in 
the windings of the two-circuit transformer by the flux exclusively 
existing in the core. This voltage (Hc) is not the same as the 
voltage (#) induced in the windings of the three-circuit trans- 
former, and the two should not be confused. 
Equations (7) and (8) may now be written 
Vi = Eo +211, = Ec + [Rit j (@1 — G12 + 23 — 213)] Ti (9) 
V2 = Ec+Zo12 = Ec + [Ro +f (22 — 212 + 21s — 225)] I2 (10) 


These equations must be equivalent to equations (9) and (10) 
in my paper on Separate Leakage Reactance of Transformer 
Windings, namely, 


Vi = Bice + (Fi +941) 11 +7 Miele (11) 
Vo = Foc + (Rp + 7 Lo2) Ie +3211; (12) 

From equations (9), (10), (11) and (12) we obtain 
(23 — Xis) Zi + Iz) = 0 (13) 


Since J; + J. is different from zero, being equal to the exciting 
eurrent J3, 23 — 213 must be equal to zero. In other words we 
have 213 = %23, which means that the mutual reactance (‘‘mutual 
leakage reactance’’) between the fictitious excitation winding and 
the primary is the same as between the fictitious winding and the 
secondary, a result which appears entirely logical. By intro- 
ducing this equality in the composite or effective reactances of 
the primary and secondary windings, we find that these reduce 
to the true leakage reactances given by my original definition. 
Hence, even in a two-cireuit transformer the distribution of 
leakage reactance between primary and secondary is definite 
and is independent of whether or not a third circuit representing 
excitation is considered. 


It is not improbable that the same idea might be extended to 
the three-circuit transformer which, when excitation is con- 
sidered, represents a four-circuit problem. Also in this case it 
might be found that the presence of an excitation circuit does not 
affect the reactances to be assigned to the three actual windings. 
Of course, the reactances would still be composite reactances, the 
‘same as would be obtained for the three-circeuit transformer when 
excitation is neglected. 

Mr. Boyajian described four tests for experimental separation 
of the leakage reactances in a single, two-winding transformer. 
Theoretically these tests all appear valid, but no doubt when 
applied in practise the first two will give rise to considerable 
inaccuracies. This is mainly due to the presence of harmonics. 
It will, presumably, be preferable to use the fundamental com- 
ponent of the voltages and currents in question. Since these 
fundamental quantities in each case are associated with higher 
harmonics of considerable magnitude, it will be necessary to take 
oscillograms and to separate out the fundamental by analysis. 
Since, as mentioned, the order of magnitude of the harmonies, 
particularly the third, being large as compared to the funda- 
mental components, this separation is difficult to perform with 
sufficient accuracy. . 


These tests were tried in our Research Laboratory. However, 
they did not yield good results at all for the reason mentioned 
above, although they were all performed on 1:1 ratio trans- 
formers. It seems to me, therefore, that the only way in which 
sufficient accuracy may be obtained is by making use of such 
connections as will separate out currents and voltages of one 
frequency. This is accomplished in tests No. 3 and No. 4 where 
the voltages and currents theoretically should be of impressed 
frequency. ‘These tests, therefore, seem entirely rational when 
applied to transformers of unity ratio of transformation. When 
used with other ratios of transformation in connection with in- 
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strument transformers, the results may easily be subject to errors, 
as also pointed out by Mr. Boyajian. These tests will also fail 
to take into account the effect of saturation on the leakage 
reactance, if any. Personally, I think this effect is very small. 


The three-phase, third-harmonic test seems to me to be the one 
to which the fewest objections may be raised. It determines 
the leakage reactances at normal (or any desired) saturation, and 
instrument transformers are not likely to affect the results 
seriously since their secondaries are connected directly to indi- 
eating meters. All doubt in regard to the calibration of the 
instrument transformers is thus eliminated. Of course, due to 
unbalance and other causes, it may be impracticable to obtain 
an entirely pure wave; but in any event the quantities of triple 


’ frequency which it is desired to measure will be entirely predomi- 


nant and hence correct determination is highly facilitated even 
though oscillogram analysis may be necessary. ° 


Mr. Boyajtan’s tests (1) and (2) make provisions for taking the 
effect of the exciting circuit into account, while his tests (8) and 
(4) eliminate any effect of the exciting current, because in each 
case the connections are such as to suppress the flux exclusively 
existing in the core. Since Mr. Boyajian is of the opinion that 
the exciting circuit affects the distribution of leakage reactance 
between primary and secondary, the two former tests should be 
expected to give results which differ from those obtained by 
the two latter tests. Mr. Boyajian does not mention this point 
at all, which to the writer seems quite important if it is assumed 
that the exciting circuit affects the distribution. Since, as shown, 
this is not the case, it would not make any difference in practise 
which test was employed as far as this particular point is 
concerned. 

In connection with test No. 5 in which the Y-A-A connection 
is used, Mr. Boyajian presents a table giving the distribution of 
third-harmonic circulating current between the two closed deltas. 
His figures show that the distribution of this current, although to 
a comparatively small extent, depends upon the flux density in 
the core. Experiments performed in our Research Laboratory 
show less dependency on flux density. The table also indicates 
that the distribution of third-harmonic current between the 
two deltas to a certain extent depends on the reactance between 
the Y-connected winding and the two delta windings. There 
does not seem to be any reason why this reactance should enter 
into the problem at all. J am inclined to attribute the change 
in distribution to unbalance of the transformers rather than to 
any other cause. Evenif the transformers are very well balanced 
and the ratio of transformation is uniform, it is practically im- 
possible to avoid a small amount of fundamental in addition to 
the third harmonic in the closed delta circuits. According to 
Mr. Boyajian’s sketch, Fig. 9, the third-harmonic currents were 
measured by inserting meters only in the closed windings. It is 
hardly safe to assume that the currents measured were of purely 
triple frequency unless this was checked by oscillograph. 

Next, I want to say a few words in regard to Mr. Peters’ dis- 
cussion. Mr. Peters accuses me of saying that when the triple- 
frequency voltage, which appears when the third-harmonic 
current is fully suppressed, is divided by the triple-frequency 
leakage impedance, the triple-frequency current is obtained. 
I am surprised ‘indeed that any of my statements can be inter- 
preted in such a manner. I fully agree with Mr. Peters that the 
relation between the triple-frequency “‘open-cireuit voltage’ and 
the triple-frequency current does not follow Ohm’s law. The 


‘relation, however, between the triple-frequency voltage, which 


is induced in the winding by the triple-frequency flux actually 
existing in the core, and the triple-frequency current, does follow 
Ohm’s law. 

It is well known that the third-harmonic voltage depends upon 
the third-harmonic current which flows. I briefly mentioned 
this in my paperon T’ransformer Harmonics and Their Distribution 
but did not discuss the mechanism of the interaction in 
detail. I stated, however, that it was my intention to do soina 
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future paper. Since this particular question, however, is brought 
up, I would like to say that the effect of the third-harmonic 
current on the third-harmonic flux and corresponding voltage 
may very illustratively be compared to the effect of the armature 
reaction in a synchronous alternator. In the latter, the excita- 
tion voltage will exist between the terminals if the machine 
carries no load. As soon as load is applied to the machine, how- 
ever, the voltage which is induced in the winding is changed due 
to the effect of armature reaction, and the excitation voltage 
becomes entirely fictitious. If the actually induced voltage is 
divided by the sum of the leakage impedance and the external 
impedance of the machine, we obtain the current which flows in 
the circuit. If the synchronous impedance corresponding to the 
particular flux density is known, then the same current may be 
obtained by dividing the fictitious excitation voltage by the sum 
of the synchronous impedance and the external impedance. 
What I have done for the transformer is equivalent to the former 
operation. If it were possible to ascertain the value of the trans- 
former impedance which would correspond to the synchronous 
impedance in the rotating machine, then the triple-frequency 
current could be obtained by dividing the open-circuit third- 
harmonic voltage by the sum of this impedance and the external 
impedance, if any. Ofcourse, the internal impedance to be used 
in this case would depend upon and vary with the flux density, 
and hence with the triple-frequeney current. ‘There is a possi- 
bility that an impedance of this sort may be determined on an 
empirical basis, and I have looked into that question to quite 
an extent. However, the work has not as yet proceeded far 
enough, and I am not ready at this time to make a definite 
statement. 


I agree with Mr. Peters that it was unfortunate that the 
ammeter had to be shifted from one of the closed deltas to the 
other in the Y-A-A test for determination of third-harmonic 
current division. I called attention to this fact in the paper. 
It should be noted, however, that while the meter was changed 
the oscillograph shunts and vibrators, which constituted the main 
part of the resistance in the corners of the two deltas, were never 
short-circuited, but always left in the circuits even when the 
ammeter was removed. The resistance of the shunted vacuum 
thermocouple ammeter was 0.3 ohm when oscillograms Nos. 
9, 10 and 13 were recorded, and 0.06 ohm when Nos. 11 and 12 
were taken. Hence, the resistance of the measuring instrument 
was in all cases far from being of the order of magnitude of the 
total impedance of the winding, as Mr. Peters states. In the 
most unfavorable cases (oscillograms Nos. 10 and 11) the effect 
of a change in resistance of 0.3 ohm on the magnitude of the total 
impedance of the low-impedance delta winding is about 10 per 
cent. 


I cannot give any definite reason for the discrepancy between 
the values of leakage impedance of winding No. 3 as determined 
by the two-winding and three-winding methods. As Mr. Peters 
points out, the one found by the latter ought to have been the 
smaller since it was taken with respect to winding No. 2 instead 
of with respect to No. 3. I do not think, however, that the 
difference would have to be as large as 25 per cent, even though 
the distance between the coils is reduced by approximately this 
amount. Such a direct relation between spacing and leakage 
reactance would exist only with a very ideal distribution of leak- 
age flux of uniform density, which does not obtain in an actual 
transformer. 

The discrepancy may be due to the effect of unbalance or to 
inaccuracies in determining the reactances by the two-winding 
method, or both. In the two-winding tests the third-harmonic 
voltages which had to be measured, particularly at the lower 
densities, were very small and this fact may have affected the 
precision of the measurements. 

I fully agree in the remarks made by Mr. McCurdy. The 
matter of whether a leakage reactance is definite depends upon 
definition, a point which I have tried to amplify in my discussion 
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of Mr. Boyajian’s paper. Of course, as Mr. McCurdy also states, 
the leakage impedance is not the impedance which should be 
assigned to a winding in all cases. It depends upon connections 
used and the number of circuits carrying current. 

Prof. Lyon’s discussion of applications to three- and four-cireuit 
transformers is very interesting and illuminating. It brings out 
very clearly the difference between the leakage reactance of one 
winding with respect to some other winding, and the reactance 
which has to be assigned to the same winding in case three or 
more windings carry current of the same frequency. 


Aram Boyajian: Professors Karapetoff, Lyon,and Dahland 
Mr. Peters seem to be in agreement with the speaker on the main 
points of the paper. Thus Prof. Karapetoff says, ‘“‘In a trans- 
former with more than two secondaries, the indefiniteness of the 
division of the leakage fluxes among the individual windings lies 
in the very nature of the phenomenon.’’ Prof. Lyon offers a 
number of equations because, he says, ‘‘it makes clearer some 
points that Mr. Boyajian brings up in his recent paper on the 
theory of such transformers.’’ Prof. Dahl is no less explicit whén 
he says (following his equation 11), ‘The relative aspect of the 
leakage reactances should be carefully noted. The leakage 
reactance of a winding is not a quantity which is dependent upon 
and characteristic of that winding alone; it must, of necessity, 
be defined with respect to some other winding. This fact be- 
comes particularly important in multi-winding transformers. 
Thus, in a transformer having three windings designated Nos. 
1, 2 and 3, the leakage reactance of winding No. 1 with respect 
to winding No. 2 will be in general different from the leakage 
reactance of the same winding with respect to winding No. 3... ” 

Mr. Ferris’ attitude is, I think, entirely reasonable. Without 
generalizing and dogmatizing beyond his immediate problem, 
he states that in dealing with third-harmonic troubles it would 
be very desirable to formulate some sort of individual leakage 
reactances which could be used in the computation of residuals 
and third-harmonic line currents. This probably can be done 
to some tolerable extent, subject of course to variation with 
changing degree of saturation. More investigation would be. 
desirable in this direction. 


Mr. McCurdy claims that the speaker ‘‘is in error in stating 
that the difficulties which have arisen in dividing leakage im- 
pedances between windings are due to any lack of definiteness 
of the problem.’”’ What I have claimed was that (a) a single 
resolution of universal application is impossible, not merely. 
difficult, and (b), that resolutions for particular applications 
are easy, describing half-a-dozen methods for exciting-current 
applications. . Mr. McCurdy’s interest in the subject being con- 
fined exclusively to a very definite particular problem, viz., 
third-harmonic telephone interference, his difficulty was not due 
to the indefiniteness of the general problem, even though the 
general problem is indefinite. His difficulty apparently lay in 
the belief that the third-harmonic method is the only possible 
method of resolution for exciting-current applications. 

Ordinarily, we speak of two kinds of transformer reactance: 
(1) open-circuit or magnetizing reactance, (2) short-circuit or 
leakage reactance. Thus, leakage reactance is the reaction of 
the transformer to the load currents. Still, Mr. MeCurdy wants 
to restrict the use of the term ‘‘individual leakage reactances”’ 
only to magnetizing-current applications by saying that “‘it 
leads to confusion to call such individual impedances of three- 
winding transformers ‘individual leakage impedances’.’’ If the 
impedance offered by a transformer winding to its load current 
may not be called its leakage impedance, I fail to see what else 
may be called leakage impedance. I have justified the use of the 
term “leakage impedance” in connection with exciting-current 
applications, only by considering the excitation kv-a. as a load 
in a fictitious auxiliary winding. 5 

Relative to the third-harmonic tests mentioned by the author, 
Mr. McCurdy asks if the effect of meter impedances and extrane- 
ous harmonies were eliminated. So far as extraneous harmonics 
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are concerned, they were previously found to be absent by 
oscillographice records, and in these particular tests no oscillo- 
grams were taken. So far as meter impedances are concerned no 
corrections or eliminations were necessary. The test consisted 
in this: we had two independent windings A and B dividing be- 
tween them the third-harmonic excitation of the transformer. 
We noted that with a certain voltage impressed on the trans-~ 
former, A took more than half of the third-harmonic exciting 
current. Leaving all meter and connections absolutely un- 
changed, but increasing the voltage impressed on the transformer 
considerably, we observed that this time B took more than half 
of the third-harmonic current. This showed, regardless of meter 
impedances, that the division of the third-harmonic impedance 
between the two windings had changed in changing the impressed 
voltage of the transformer. The phenomenon is explainable 
qualitatively by a consideration of the return magnetic circuits 
of the two windings. 

Mr. McCurdy admits that the various test methods which I 
have described are entirely feasible with one-to-one ratio trans- 
formers, but he overestimates the difficulties which instrument 
transformers would introduce, the difficulties which I have 
already mentioned in my paper. As against his opinion that 
“‘these methods do not have much practical importance’’ and 
that the third-harmonic method is the only way, we have Mr. 
Peters’ opinion that ‘‘These methods are so simple and direct 
that chances of error are very remote.’’ We also have Mr. 
Weller’s statement that test methods No. 1 can be accurately 
reproduced, and that he has resolved experimentally the react- 
ances of a number of potential transformers without the aid of 
third harmonics. Mr. Weller’s results are the more significant 
in view of the fact that the resolution of the leakage reactances 
of potential transformers is much more difficult than that of 
power transformers. 

I wish to emphasize here the inherent weakness in giving the 
third-harmonic method a privileged position in this resolution. 

In the first place, we must recognize that third harmonics are 
not a necessary inherent and unavoidable accompaniment of 
transformer action such as resistance or reactance or magnetizing 
current, but they are purely incidental and even avoidable if 
one wishes to pay the price. Leakage reactance, on the other 
hand, is an inherent accompaniment of transformer action, and is 
primarily formulated for, and effective to, the normal-frequency 
currents regardless of the presence or absence of third-harmonic 
phenomena. Does it appear reasonable to imply that the 
normal-frequency performance characteristics of the leakage 
reactances of the various windings cannot be determined except 
through the aid of the non-essential incidental third harmonies? 
Let us assume an air-core transformer; it certainly will have a 
large magnetizing current and a large leakage reactance, but no 
third harmonics. Does the resolution of leakage reactance be- 
come indeterminate now on account of the absence of third 
harmonics? Or assume an iron-core transformer: are we to 
think that, when it is excited at such high densities as to generate 
considerable third harmonics, the windings show definite individ- 
ual reactances to fundamental-frequeney currents; and that, 
when the transformer is so underexcited as to yield inappreciable 
third harmonics, the windings will not show definite individual 
reactances? Or again we ask, is the effect of the division of 
leakage reactance upon the normal-frequency characteristics so 
insignificant that it cannot be detected or measured by normal- 
frequency phenomena? If so, the resolution would become 
largely a third-harmonic phenomenon indifferent to fundamental 
frequency, a conclusion which the third-harmonic champions 
would hardly admit. -We should, I believe, admit that if the 
resolution does make a sensible difference to fundamental-fre- 
quency characteristics, then that difference ought to give us a 
line on the desired resolution. 

Mr. Weller mentions the interesting case of ring-wound 
current transformers. These constitute the simplest case for 
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theoretical analysis. In them, all leakage reactance belongs to 
the outer winding, subject to a small correction due to the thick- 
ness of the inner winding. 

Mr. Weller and Mr. McCurdy are right in stating that the 
passing reference at the end of the paragraph numbered 2 in the 
text should be applied to a potential transformer, not to a current 
transformer. 


Prof. Dahl, commenting on the classical equivalent-circuit 
diagram of a two-winding transformer as used in my paper, says 
that it isnot an exactrepresentation, athough heis willing to toler- 
ate it as an approximation. One would be led to infer from such 
a comment that Prof. Dahl’s equations do not imply such a 
diagram and that theleakagereactances which he has formulated, 
and tried to determine, are not the leakage reactances shown in 
this diagram. As a matter of fact, this is exactly the diagram 
implied by the classical equations which Prof. Dahl has used, 
and the leakage impedances shown therein are the very impe- 
dances which he is trying to determine. The impedance links of 
the equivalent circuit are somewhat variable depending on the 
saturation of the core exactly as the self and mutual reactances 
used in his equations are variable with density. 


This case is probably illustrative of other seeming differences 
between the two papers. 

Prof. Dahl offers a definition of leakage reactance in the belief 
that by it individual reactance will become a single-valued quan- 
tity incapable of more than one interpretation. Thus, the 
leakage reactance of a winding is defined as the ‘‘reactance 
caused . . by a current in the first winding which does not 

*produce any leakages whatever with the second winding.” Re- 
ferring to the clause ‘‘caused by a current,’ we ask, caused by 
which current? Any current and every current? Or is it some 
particular kind of current such as exciting current or load current? 
If it is the latter, we then ask, which load current, the one oc- 
casioned by the load in winding X or that due to the load in 
winding Y? The burden of my paper was to show that the leak- 
age reactance which a winding offers to an exciting current is 
different from that which it offers to a load current, similar to the 
fact that the total reactance which a transformer offers to exciting 
current is different from the total reactance which it offers to load 

‘eurrents, and that if the load ‘can be applied at more than one 
point, the leakage reactance (for instance of the primary) is 
different for each different location of the load and ‘of the second- 
ary with respect to which the primary leakage is being considered. 
Thus, even the definition which Prof. Dahl offers does not neces- 
sarily make the general resolution a single-valued operation. 

Prof. Dahl, like Mr. McCurdy, seems to wish to restrict the 
individual leakage reactances to currents considered as exciting 
currents. Such restriction, however, fails to reckon with the 
historical fact that the term ‘‘leakage reactance” is something 
that has always been applied exclusively to the reactance of a 
machine for its load current, not only in the case of transformers 
but also in the case of induction motors and synchronous ma- 
chines. What linguistic or historical justification can there be 
now in trying to restrict the leakage reactances of windings to 
exciting current? In my treatment, the exciting current comes 
in as a particular kind of load, a load in an auxiliary fictitious 
winding, and thus takes its place alongside of other loads, co- 
ordinate with them and entitled to no unique privileges. The 
problem then becomes that of a three-winding or multi-winding 
transformer. 

IT am fully aware that, in contrast to the foregoing system of 
considering all currents as load currents, it is possible to con- 
struct an alternative system in which all currents including load 
currents are considered as magnetizing currents, and are thus 
given the same mathematical treatment as the no-load magnetiz- 
ing current. The initial steps in this latter method are quite 
elementary, and, therefore, the first impulse of nearly everybody 
on first approaching the subject of three-winding transformers is 
to try to attack it by beginning with the familiar equations, 
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where the voltages are total voltages and the currents are the 
total currents in the corresponding windings, and Xj, X», ete., 
X12, X13, ete., are the total (magnetizing) self and mutual react- 
ances respectively. This latter method, however, leads to great 
complexity and an unnecessarily burdensome system of equa- 
tions, whereas, the consideration of the load currents as load cur- 
rents and the reactances as leakage reactances leads to wonderful 
simplification of equations, even though at first it may be a little 
difficult to grasp the point of view. It is certain that any system 
dealing with multi-winding transformers and starting with total 
currents and magnetizing self and mutual reactances must at 
some stage convert into load currents and leakage reactances, to 
be of any practical use. All this can be accomplished directly 
and with very little labor and mathematics once the comprehen- 
sive physical point of view is appreciated. The work done by 
Mr. Peters and the writer on the theory of three-winding trans- 
formers, as well as references in American and European technical 
literature that have come to my attention, seem to confirm this 
conclusion. Judging from very old treatises on transformers, the 
pioneers in transformer theory used to calculate load character- 
istics by the aid of self inductances and mutual inductances. 
Later it was discovered that the idea of leakage or short-circuit 
reactance introduces a wonderful simplification and precision into 
calculations by eliminating the need of any reference to the awk- 
ward magnetizing self and mutual inductances. It appears to 
me, therefore, that in dealing with load-current problems, to 
use magnetizing self- and mutual-reactance conceptions instead * 
of leakage-reactance conceptions, is somewhat like using the 
instantaneous values of currents instead of their effective values. 
The question here is not which is correct (because both are cor- 
rect), but which is more comprehensive? Which is more prac- 
ical? Which utilizes to a greater extent the accumulated technical 
experience of the profession? Wouldn’t we handicap ourselves 
unnecessarily if In every problem we should start with Max- 
well’s fundamental equations? 

The conclusion which Prof. Dahl draws from the 13 equations 
in his discussion is that the reactances of the three branches of the 
equivalent circuit are definite quantities. This conclusion 
hardly needs a proof, but only the caution that this resolution 
refers to the exciting current because the various impedances 
used in the equations are the magnetizing impedances. Prof. 
Dahl further wishes to conclude that the resolution is inde- 
pendent of whether or not a fictitious excitation winding is 
assumed. However, whether or not a fictitious excitation-load 
circuit representing the kv-a. loss in the iron is expressly assumed, 
one is implied. For instance, if Z; is given as the self-inductive 
impedance of winding No. 1, it represents the leakage impedance 
between winding No. 1 and the excitation-load winding which 
we have postulated as hidden in the core to represent the excita- 
tion loss (ky-a., not only kw.) in the iron. Although I have 
ealled this a fictitious circuit, it is not altogether fictitious, be- 
cause the core does constitute many little circuits and these may 
be represented by a single equivalent winding. The position and 
shape of this equivalent winding may not be arbitrarily assumed. 
It has to be such as to agree with the characteristics of each 
particular core. 
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Referring to the test methods described in my paper, Prof. 
Dahl states that some of them were tried out with one-to-one 
ratio transformers and found unsatisfactory due to the influence 
of the harmonies of the exciting current. It is very unfortunate 
that Prof. Dahl does not given any data at all, neither does he 
state just why the tests were considered unsatisfactory. It is 
possible that these tests were made after the publication of these 
papers and the data have not as yet been put into suitable shape 
for presentation. It is also possible that these tests at funda- 
mental frequeney did not check the previous third-harmonic 
tests and were therefore considered unsatisfactory. Now, so far 
as the effect of harmonics of exciting current on these tests is 
concerned, I think we ean decide the matter rather definitely 
on theoretical grounds as follows: 


The resolution of the normal-frequency leakage reactance by 
the aid of the third-harmonic test is based on the assumption that 
the same resolution holds at triple-frequency as at fundamental- 
frequency or at any other frequency. Now, if this assumption 
is true, that is, if all harmonics require the same resolution so that 
the ratio of the individual leakage reactances of the two windings 
is the same for all of the harmonics, then the division of the vari- 
ous harmonies of current between two windings ought to be the 
same whether one harmonic is tested or the other or whether their 
composite is tested, assuming that the meter impedances are not 
influencing the circuit conditions to any serious extent. Har- 
monics of exciting current could disturb the results only when the 
resolution of leakage reactance is different for different harmonics, 
and this I do not think Prof. Dahl would concede, because it 
would undermine the applicability of third-harmonic test results 
to fundamental-frequency phenomena. Furthermore, the reso- 
lution may be tested at various flux densities in the core, starting 
with very low densities to which harmonies are practically absent, 
and plotting a curve of resolution against flux density. This may 
then be compared instructively with the resolutions obtained by 
a single harmonic at the corresponding densities. 


It is to be hoped that Prof. Dah] will investigate these various 
test methods thoroughly and that he will present his data to the 
Institute in another paper soon. 


The curves presented by Mr. Palueff are interesting and have 
evidently been prepared with much care. It must be noted that 
he is dealing with the composite or resultant of two fluxes 
(produced by the magnetizing and load currents) and, therefore, 
the various voltages measured by the exploring coil are not 
directly indicative of individual reactances. Of course, so far 
as the individual leakage reactances (with respect to exciting 
current) of a transformer consisting of two circles in space are 
concerned, they can be very easily solved in accordance with 
equations (10) and (11) of my paper without having to plot any 
eurve. It is unfortunate tht Mr. Palueff did not segregate the 
two components of fluxes and voltages. 

Professor Karapetoff as an educator is rightfully somewhat 
concerned over the sense of uncertainty and indefiniteness that 
people may get if told of the relativity of the resolution of leak- 
age reactance. It was attempted to guard against this opposite 
extreme by tabulating at the end of my paper a number of 
definite conclusions indicating specific applications and inter- 
pretations. 
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Synopsis.—A new transformer connection of 100 per cent ap- 
paratus economy is described for transformation from two-phase to 


INTRODUCTION 


HIS paper describes a new two-phase to six-phase 
| esa connection which has an ‘‘apparatus 
economy” of one hundred per cent. 

By apparatus economy is meant the ratio of the 
single-phase transformer ky-a. rating of the device to 
its kv-a. rating as a phase transformer. This ratio is 
sometimes called ‘internal power factor’. This latter 
term, however, is not so good, because of the fact that, 
although at unity power factor loads the value of the 
internal power factor is identically the same as the 
apparatus economy, yet the internal power factor varies 
with the load power factor, while the apparatus econ- 
omy is independent of the load power factor. 
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1—Two-PuHast To Diametric THrREE-PHASE oR SIX- 
Puase TRANSFORMERS 


Three-phase side: 
Voltages: A D—B E—CF—100 per cent 
A P—PQ—Q R— RD—25 per cent 
BC—P R—F E—50 per cent 
BP—PF—C R— R E—43.3 per cent 
Currents in Lines—100 per cent 
Current in AP—PQ—QR—RD—100 per cent 
ES ‘ BC—F E—50 per cent 
* BP—PF—C R—R E—86.6 per cent 
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DESCRIPTION OF THE CONNECTION 


Fig. 1 shows the connection diagrammatically. 

The core and flux are two-phase, so that two single- 
phase cores or one two-phase core would be necessary 
and sufficient. 

Considering the windings, two windings are needed 

1. Of the General Electric Company, Pittsfield, Mass. 


Presented at the Annual Convention of the A. I. EH. E.. 
Saratoga Springs, N. Y., June 22-27, 19265. 


siz-phase and vice versa. Its merits from various standpoints are 
compared with those of the Scott and the Woodbridge connections. 


on the two-phase side, one for each phase. They may 
be interconnected (as 7, L, or diametrically), or they 
may be entirely independent. This freedom is advan- 
tageous in being adaptable to any two-phase system. 

On the six-phase side, we havea rectangle, BC E F. 
crossed by the line AD. The voltages of the various 
parts are shown in the illustration. 


4-Wire or 3-Wire 


Six Phase 
Side 


Fig. 2—Dovsuz-T or Dovusie-ScoTrr CONNECTION 

It may be noted that the six-phase side may be also 
considered a diametric three-phase system, since any 
diametric three-phase device may be operated from it. 


NEW CONNECTION COMPARED WITH THE DOUBLE-T 
CONNECTION 


The common connection for two-phase to six-phase 
transformation is the so-called double-T or double- 
Scott connection shown in Fig. 2. While structurally 
there is a great deal of resemblance between this and the 
new connection, what little difference there is accounts 
for the difference in the apparatus economy of the two 
connections. The maximum apparatus economy which 
the Scott connection is capable of is 96.6 per cent (using 
non-interchangeable units and properly interlaced 
three-phase main windings) as against the 100 per cent 
apparatus economy of the new connection. Besides 
this difference in economy, the new connection is free 
from the trouble of the interlacing requirement for the 
two halves of the main winding in the Scott connection. 
This advantage is more appreciated if it is considered 
that six-phase circuits are usually of low voltage and 
high current, and proper interlacing of the two halves of 
the main is not a simple matter. 
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It will be observed that the Scott connection can be 
converted into the new connection by redistributing the 
two teaser windings around the two main windings in 
accordance with Fig. 1. 

A disadvantage of the new connection in comparison 
with the Scott connection is that the former is not 
adaptable for the use of interchangeable units. If a 
spare is needed, it must be a complete polyphase unit, 
while in Scott connection a single-phase spare may be 
sufficient. In this interchangeable scheme, however, 
the apparatus economy of the Scott connection is at 
best only 93.8 per cent. 
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Fic. 3—TuHEr WoopBRIDGE CONNECTION 


NEW CONNECTION COMPARED WITH THE WOODBRIDGE 
CONNECTION 


The Woodbridge connection is a 100 per cent econ- 
omy connection shown in Fig. 38. Originally this 
connection was intended for two-phase to three-phase 
transformation, but its applicability to two-phase to 
six-phase transformation is obvious. The Woodbridge 
connection, although of high economy, is seldom used 
on account of three limitations: (1) being a 4-wire 
two-phase connection, it is not adaptable to 3-wire 
two-phase circuits; (2) the two-phase side is unsuited 
for taps; and (8) it is as complicated for two-phase to 
three-phase service as for two-phase to six-phase serv- 
ice; while in the matter of simplicity, adaptability and 
convenience for two-phase three-phase service the 
Scott connection is far ahead of any of the other many 
connections so far invented. The new connection here 


described is not adaptable at all to three-wire, three- 
phase service. 

For six-phase service, the Scott, the Woodbridge and 
the new connections are of the same order of complexity 
in the matter of windings, but the latter two do not need 
the particular interlacing required by the Scott con- 
nection. Since taps are or would be placed on the two- 
phase side, in this service the Woodbridge connection 
is at a very serious disadvantage. 

A point of great theoretical interest in this comparison 
is that both of the two 100 per cent economy connec- 
tions are “‘diametric’”’ in their derived phases, but free 
and flexible in their original. The Woodbridge connec- 
tion uses three-phase flux, and is flexible in its three- 
phase side, its original side, being capable of either 
diametric or mesh connection. However, on its de- 
rived side,—viz., the two-phase side,—the connection 
is entirely limited to four-wire diametric connection. | 
The new connection here described utilizes two-phase 
flux, and this being its original phase, it is capable of any 
two-phase connection. However, on its derived side, 
the three-phase side, it has to be diametric, that is, 
six-wire three-phase, and is therefore not adaptable to 
ordinary three-wire three-phase circuits. 


Discussion 


Vladimir Karapetoff: A general solution of two-phase to 
six-phase transformation is shown in Fig. 1 presented with this 
discussion. Oa, 0b, Oc, Od, Of, Og, are six “‘star’’ voltages 
desired to be had on the six-phase side. As a simplest case, 
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imagine a six-phase synchronous motor adjusted to run at unity 
power factor and used as:a load on a two-phase line. Then the 
foregoing six voltages may be considered, as those across the 
individual armature phases (star connected) of the motor. 
The problem of phase transformation consists in connecting the 
vertices of the hexagon by lines of two mutually perpendicular 
directions. Starting with point a, there are only three possible 
independent beginnings, viz.,ab, ac, andad. Beginning with 
ab, we have to draw ab, gc, fd, for phase I, and af, bd, for 
phase II. This will give the figure drawn by dotted lines and 
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identical with that shown in Boyajian’s Fig. 1.1 Beginning with 
ac gives again a ® figure shown in full lines. Beginning with 
a d gives an identical @ figure drawn in ‘‘dash and dot.’’ Thus, 
the ® transformation is not one of several possible transforma- 
tions, but the only possible perfect transformation. 

By a perfect transformation I understand one in which only 
the vertices of the hexagon are used. With the double-T 
transformation, auxiliary points, h and k are necessary, and 
this causes reactive currents, increased kv-a. rating of the trans- 


formers, necessity for interlacing, ete. It will be seen from my 
Fig. 1 that no more lines interconnecting the vertices in a 
“perfect’’ way can be drawn; therefore, all possible solutions are 
included in this figure. 

For example, the six-pointed star shown in Boyajian’s Fig. 3 
may be readily seenin my Fig.1. It may be of interest to point 
out that a sketch identical with Fig. 1 was ineluded in the first 
edition of my “Experimental Electrical Engineering”’ published 
in 1909, and the general method of obtaining perfect phase 
transformations explained. However, I did not follow the mat- 
ter any farther and did not realize that I had the & figure until 
I saw it in the paper under discussion. 

The reason for which a perfect transformation gives 100 
per kv-a. efficiency may be seen in Fig. 2. The six line currents 
flowing into the load are shown by the vectors aa’, bb’, ete. 
The six star voltages are in phase with these currents. Only 
two voltages, Oa and Od, are shown. Phase I of the trans- 
former furnishes the currents a a’ and d d’ directly, and the kv-a. 
delivered is 2ie. The current g g’ is furnished by both phases. 
Phase I supplies 0.51 and phase II supplies 0.51+/3. Thus 
the phase I furnishes altogether 


2ie+2(0.5i)e =3ite. 
Phase IT furnishes 
2.X (0.51+/3) X (ev/3) = 8ie. 
In other words, both phases furnish equal kv-a., and all the 


currents in the transformer windings are in phase with the re- 
spective voltages. This means 100 per cent apparatus efficiency. 


1. I suggest calling this kind of transformer connection the ‘‘ ® connec- 
tion,’’ because of some resemblance of the diagram to this Greek letter. 
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It will be seen that the connection involves two ‘‘stub ends,”’ 
a and d, and four ‘“‘junection points,” b, c, f, g, where two trans- 
former windings are joined together. For a “‘perfect’’ trans- 
formation, the stub ends should be used only where the induced 
voltages in both systems are in phase with each other. At all 
other points, junctions should be used in order to produce a 
resultant current out of two components, each of which is in 
phase with its induced voltage for that particular transformer 
case. 


It is shown in Fig. 3 herewith the usual 7 connection does 
not satisfy this condition, and for this reason its ky-a. efficiency is 
less than 100 per cent. Stub ends, a and b, are used in the phases 
in which the induced voltages differ by 30 deg. As a result, 
the three-phase currents a a’ and b b’ are out of, phase with the 
induced voltages when the two-phase side is loaded at 100 per 
cent power faetor. This causes unbalanced magnetomotive 
forces, increased magnetic leakage, and necessity for interlacing. 


Aram Boyajian: Professor Karapetoff has proven tor us 
that the transformer connection here described is the only pos- 
sible two-phase-six-phase connection of 100 per cent apparatus 
economy utilizing two-phase fluxes and voltages. If his argu- 
ment is true, as it appears to be, he saves us from futile effort at 
further invention along this line. 


The connection here described originated in an effort to de- 
vise a two-phase-three-phase connection that would be free from 
the complications and Jimitations of the Woodbridge connection. 
Since the Woodbridge connection was based on three-phase flux 
and voltages, the solution of the problem was sought in the use of 


two-phase flux and voltages. However, the three-phase system 
so derived turned out to be a diametrie (that is, six-wire) three- 
phase system, unadaptable to three-wire three-phase systems, 
and was equivalent to a six-phase system. As stated in the 
paper, it appears to the author that this is inherent in the 
nature of things, that is, the derived system has to be diametric, 
such as four-wire two-phase, or six-wire three-phase. Maybe 
Professor Karapetoff can definitely prove this to us some time. 
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Synopsis:—The paper presents the results of wattmeter measure- 
ments of tron loss in a small experimental reactor designed for a-c. 
and d-c. excitations. All the resistances were measured by the d-c. 
voltmeter-ammeter method, and the I? R losses were subtracted from 
the total wattmeter readings. A-c. core losses are plotted against 
d-c. excitation for various a-c. flux densities. These curves were 
checked qualitatively by means of hysteresis loops taken with a 
special bilateral oscillograph. 


INTRODUCTION 


N thesis work at Massachusetts Institute of Tech- 

nology in 1924, the authors investigated the losses in 

iron under the action of superposed alternating- and 
direct-current excitations, and the results of this in- 
vestigation are given herewith. This paper was pre- 
pared while the authors were connected with that 
Institute. 


The question of superposed excitation is one of wide 
interest in electrical engineering as it occurs in one 
form or another in many electrical machines. Perhaps 
the best known example is the d-c. saturated regulator 
and reactor. Some rectifier circuits have transformers 
that are partially saturated with direct current, and the 
question of iron loss may be very important in connec- 
tion with the proposed high-voltage, d-c. transmission. 
Practically all rotating machinery is subject to magneti- 
zation at two or more frequencies at the same time, 
especially in the teeth and pole tips. Telephone and 
telegraph circuits also carry both direct and alternating 
currents in many cases. 


Previous investigators in this field have found, in the 
main, a very decided increase in a-c. iron loss with an 
increase in d-c. bias, sometimes amounting to fifteen or 
twenty times the usual core loss. Only a few reports 
show any decrease in the iron loss. In most of those 
which show excessive losses, the circulating double 
frequency current which appears in the d-c. circuit or in 
some other winding on the core when direct-current 
excitation is added, has either been neglected or there 
have been other possible errors in the method of meas- 
uring the core losses. 


They all agree, however, that the classical formula of 
Steinmetz expressing hysteresis loss does not hold at 
high-flux densities. Ball and others have attempted 
to fit the Steinmetz equation to the case of superposed 
fluxes by changing the value of the exponent and using 
some value of B which is a function of both the a-c. and 
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All results show a’ comparatively small change in core loss as d-c. 
excitation is added, the core loss even showing a decrease when the 
a-c. saturation ts high. 


The core loss proper is distinguished from the double frequency 
circulating current copper loss, and means are given for decreasing 
this I? R loss. 


d-c. flux densities. Although the authors cannot, at 
the present time, propose an exact formula, they be- 
lieve that the hysteresis loss actually begins to decrease 
at very high d-c. flux densities, and finally becomes 
zero. when the total change in flux caused by the a-c. 
component takes place above the saturation point of the 
iron. 


The eddy-current component of core loss depends 
upon the a-c. flux change and not upon the d-c. com- 
ponent, and if the a-c. flux wave remains sinusoidal, 
the eddy-current losses should not change with an in- 
crease of d-c. excitation. Asa matter of fact, the wave 
forms do become somewhat distorted, and the eddy- 
current loss probably goes up somewhat when direct 
current is added. 


The authors found that total core losses remain 
practically constant for a given a-c. flux density, re- 
gardless of the amount of d-c. flux in the iron, though 
some change did occur at high and low a-e. flux densi- 
ties. The losses increased when d-c. excitation was 
added if the a-c. saturation was low, and decreased if 
high. The loss curves were taken from wattmeter 
readings and were checked by dynamic hysteresis loops 
taken with a bilateral oscillograph. A study of the 
accuracy of this oscillograph was also made and they 
believe the loops shown are substantially correct. 


METHOD OF TEST 


The method consisted of measuring the total input to 
an iron-core reactor by a low power factor wattmeter 
and subtracting the J? R losses in the windings, leaving 
the difference as the core loss of the reactor. Two 
circuits were used. One had the direct current and 
alternating current in series in the same coil, forcing all . 
of the J? R loss into this one coil where it could be easily 
measured; the other had three coils, two carrying direct 
current and the third alternating current alone. The 
latter had the advantage of better wave form but still 
brought the second harmonic current into one winding 
where it could be measured. 


The series circuit is shown in Fig. 1. A storage 
battery supplied the direct current and a series resist- 
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ance regulated its value. Dynamometer ammeters 
were used to measure the current. 
the direct current out of the alternator windings. All 
voltage and frequency regulations were made with the 
field controls of the 5-kw. motor-generator set. The 
core under investigation weighed 20 lb. It was built up 
of 25-gage (0.022-in.) U.S. electric sheet with lap-joints. 
The outside dimensions of the core were 9 by 9 by 
2in. The cross-section of the middle leg was 2 by 2 in. 
while that of the rest of the core was 1 by 2in. This 
gave 4 sq. in. for the a-c. flux path and 2 sq. in. for the 
d-c. flux when the three-coil circuit was used. 

In taking readings, it was found necessary to measure 
the resistance at every point because of the effect of 
temperature changes while taking data. This was done 
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Fig. 1—Srrins ConnEectTION SHOWING POSITIONS OF 


INSTRUMENTS 


by the voltmeter-ammeter method using double-pole, 
double-throw switches to put the direct current alone in 
the windings. Carefully calibrated d-c. instruments 
were used, as the resistance had to be known with great 
accuracy in order to make the “subtraction method”’ 
at all reliable. With this arrangement, however, no 
difficulty was found in checking readings at different 
temperatures. 

Fig. 2 shows a set of curves of core loss at various 
flux densities taken with the series circuit. The 
densities marked on the curves were figured from the 
applied voltage, and sine waves were assumed. If 
corrected for wave form and I R drop, the values would 
be slightly lower than those indicated. 

Since these curves did not agree at all with some 
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similar curves taken at Massachusetts Institute of 
Technology in 1928, or with the results of other investi- 
gators, an attempt was made to discover the discrepan- 
cies. The circuit used in the M.I.T. report of 1923 
is shown in Fig. 8. On considering this circuit, it was 
found that an alternating current of double frequency 
must flow in the direct current circuit, even though the 
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d-c. coils were balanced with respect to the fundamental 
when no current was flowing in them. If the direction 
of the winding is such that the a-c. voltages in the d-e. 
coils buck, it will be found that the a-c. flux will be with 
the d-c. flux in one core and against itin the other. This 
means that there will be a greater change of flux in one 
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Fig. 3—CoNNECTION USED IN TAKING CuRvES oF Fia. 

core than in the other, due to the shape of the mag- 
netization curve of iron, and hence more voltage will be 
induced in one coil than in the other at a given instant. 
This will produce a circulating current of double fre- 
quency. In fact, this is almost the identical circuit 
used at the Sayville Radio Station as a frequency 
doubler, and was first developed by Count von Arco. 
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When this circuit was duplicated with the identical 
reactors used in the work of 1923 but with an ammeter 
in the direct-current side that would read the square 
root of the sum of the squares of the r. m .s. alternating 
current and the direct current, and when the J? R loss due 
to the circulating current was subtracted, the core loss 
checked that found by the simpler series circuit. At the 
a-c. flux density used it decreased slightly as direct 
current was added. 

There was one peculiarity that is shown by Fig. 4. 
The upper line is the curve of “core loss” given in the 
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CURRENT 


previous report, which really included the circulating 
current loss in the d-c. circuit; the lower curve is the 
same thing as read by our wattmeter. The true core 
loss lies under the lower curve. An explanation of the 
large difference is found in the different constants of the 
d-c. circuits. The upper curve was taken using direct 
current from the d-c. mains at 115 volts—a large re- 
sistance was necessary to cut it down to a value required 
for the windings on the reactors. In the lower curve, 
direct current was supplied from a storage battery of 
only a few cells, and a very small resistance was needed 
to regulate the current. In this case the second har- 
monic path was practically a short circuit, while in the 
first case it had a large resistance load in it. 

It was discovered that as the resistance of the d-c. 
circuit was varied and the direct current kept constant 
by varying the voltage at its source, the circulating 
double frequency current remained substantially con- 
stant and approximately equal to [.././2. This led to 
the suggestion that a short-circuited winding be pro- 
vided in parallel with the d-c. winding in which this 
current could flow. This was tried and the total losses 
were still further decreased. The loss due to this cur- 
rent can be made about the same value as the iron loss 
without using an excessive amount of copper in this 
short-circuited coil. Since the r.m.s. value of the 
circulating current is I4/./2, if no parallel short- 
circuited coil is provided for the circulating current, the 
loss due to it will be equal to one-half the direct-current 
I? R loss in the entire d-c. circuit, including the source of 
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supply. It should be noted that any short-circuited 
winding should be placed next to the core in order to be 
most effective, as its leakage reactance will be less than 
if placed outside the d-e. coil. 

The three-coil circuit mentioned here is shown in 
Fig. 5. This scheme has the disadvantage of having 
no d-c. flux in the middle leg of the core and conse- 
quently this flux is not so effective in changing the 
reactance as it might be, but the wave-form of the cur- 
rent is much improved by this form of core. Some 
core-loss curves were taken with this circuit and found 
to be substantially the same as those of Fig. 2, except for 
small differences due to the unsaturated portion of iron 
in the middle leg, and the increased reluctance of the 
direct current path. This was about three times as 
high as when the direct current was in series with the 
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Fie. 5—Turez-Cort Crrourr Wuicu Gives BetTeER WAVE 
Form THAN THE Series Circuit or Fie. 1 But Same Iron 
Loss 


alternating current, as the area of the path was less and 
the length greater. ; 

Families of curves taken at different frequencies are 
very similar to those shown in Fig. 2 except that they 
move up as the frequency is increased, much as they 
would if no direct current were present. The middle or 
straight curve comes at a higher a-c. flux density as the 
frequency goes up, although its actual position, the 
authors believe, would depend upon the relative 
amounts of hysteresis and eddy-current loss in the 
given core. 
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OSCILLOGRAMS 


Several oscillograms of the current and voltage 
in both the series and three-coil circuits were taken when 
the d-c. ampere-turns were of different values. The 
single-coil connection of Fig. 1 will be considered first. 
The addition of direct current caused the voltage wave 
to become quite peaked. This was due in part to the 
effects of the direct current on the supply transformer, 
as it had to circulate through the secondary of this 
transformer as well as through the reactor being tested. 
The volt-ampere load on the transformer was about 
half its rating when the largest value of direct current 
was used. TheJ FR drop across the regulating resistance 
also distorted this wave. The combined effects re- 
sulted in a flat flux wave, which in itself, would tend to 
cause less iron loss. That this was not the entire cause 
of decreased iron losses, however, will be apparent from 
the results of the other circuit. 

The current wave with no direct current is the usual 
magnetizing current of iron with a high percentage 
of the third harmonic and other higher harmonics. 
When direct current is superposed, the lower half of the 


PIG. 
or Fig. 1 Waen Direct Current was Fiowine. THE D-C. 
VALUE IS SHOWN BY THE UprEeR HorizontTaL LinE, WHICH 
Was Taken Berore Crossing THE A-C. SwitcH 


wave is cut off, more or less completely, depending upon 
the direct current value. Fig. 6 shows the voltage and 
current as well as the direct current alone before the 
alternator switch was closed. This peculiar current 
_ wave is due to the various harmonics which it contains. 
About 30 per cent each of a third and second harmonic, 
together with several higher ones, will account for this 
shape. 

To make sure that there was not also some valve 
action in the storage battery that prevented the current 
wave from reversing at the a-c. frequency, a battery was 
put in series with an alternator giving the same r. m. s. 
voltage as the battery, and an oscillogram taken of the 
current and voltage waves. The current remained 
sinusoidal but was displaced above the zero axis. This 
displaced current changed sign without any indication 
of a valve action, although the lower peaks of the wave 
just barely extended across the zero line. 

Fig. 7 shows the current and applied voltage of the 
three-coil circuit of Fig. 5 when the a-c. flux density was 
about 94 kilolines, and 4000 d-c. ampere-turns were in 
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the outer legs. There is no distortion of the voltage 
wave as when the direct current was in series. There 
is also a decided improvement in the wave form of the 
current, because the iron was saturated by the direct 
current and was operated upon the straight-line portion 
of its magnetization curve. Since there are two pos- 
sible paths through the iron for the a-c. flux in this 
arrangement, the current wave remains symmetrical. 
The third harmonic still remaining is due partly to the 
unsaturated portion of iron in the middle leg, and partly 
to the incomplete d-c. saturation of the outside legs. 


Fig. 7—CurRRENT AND VOLTAGE OF THE THREE-CoIL 
Circuit oF Fie. 5 wHen 4000 D-C. Amprrn-Turns WERE IN 
THE OUTER LEGS OF THE CORE 


Fig. 8 shows the current and voltage in the d-c. 
circuit, and the a-c. voltage applied to the middle leg. 
The circulating current is of just double frequency 
and is practically free from other harmonics. 

These oscillograms are typical of the thirty or more 
that were taken under different conditions, and show 


Fie. 8—ExciTtiInc VouTaGe (wiTtH TooTH RIPPLE) AND 
DovuBLE-FREQUENCY CIRCULATING CURRENT AND VOLTAGE IN 
THE D-C. Crrcuit. Tur Upper Horizontant LINE Is THE 
Direct CURRENT BEFORE THE A-C. SwiTcH Was CLOSED, 
AND THE DouUBLE-FREQUENCY CURRENT IS SYMMETRICAL ABOUT 
THIS CURRENT AS AN AXIS 


what wave forms may be expected from a saturated 
core reactor. 


HYSTERESIS LOOPS. 


Dynamic hysteresis loops were taken with a two- 
dimensional oscillograph constructed at M.I. T. by 
T. W. Kenyon, and they check the wattmeter readings 
of core loss, at least qualitatively. There is a descrip- 
tion of such an oscillograph by E. L. Bowles in the 
JOURNAL of the A. I. E. E. for August, 1928: The 
instrument consists of two ordinary vibrators mounted 
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with their axes at right angles and the light beam is 
reflected by both mirrors, one giving it motion in one 
plane and the other deflecting it in a plane at 90 deg. to 
the first. One vibrator carries a shunted portion of the 
magnetizing current, and the other, a current which is 
proportional to the flux in the core. This current is 
obtained by inserting a very large inductance in series 
with an exploring coil on the core, and if the ratio of 


a in this circuit is very small, the current is very 
nearly proportional to flux. 
negative loops will appear at the tips of the hysteresis 
loop; but this effect was negligible in the circuit as used, 
for the ratio could be increased to four times its normal 
value without causing any suggestion of negative tips. 

Fig. 9 shows a normal loop taken at about 94 kilo- 
lines, a-c. flux density, and one taken at the same 
a-c. impressed voltage, but with 8 amperes direct cur- 
rent flowing in the same winding. Both loops are taken 
to the same scale, and the area of the distorted loop does 
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not differ greatly from that of the normal one. The 
loop containing d-c. flux shows practically no area in the 
portion representing high flux density, and therefore 
practically no loss on this part of the cycle. The addi- 
tion of direct current causes a shift to the right, of the 
current vibrator, but there is no effect on the flux vi- 
brator by the steady d-c. flux in the core. 

Numerous other loops were taken at various values 
of a-c. and d-c. flux, and an extensive study was made of 
the errors in the bilateral oscillograph. It is felt that 
the loops shown above are free from any but very small 
errors, and that they very nearly represent the iron loss 
(both hysteresis and eddy current) by their area. 

However, as a further check on the accuracy of these 
loops, ordinary oscillograms were taken of the exciting 
current and the voltage induced in an exploring coil on 
the core. Fig. 10 shows a trace of this negative. The 
flux wave was plotted by taking the area under the 
voltage wave, and the hysteresis loop was constructed 
from this flux wave and the current wave. The 
constructed loop checks the distorted loop of Fig. 9 
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If this ratio is not small, - 
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very well indeed, if allowance is made for the difference 
in scales. The applied d-c. voltage and direct-current 
values were the same in both cases. 

Fig. 11 shows two loops taken with the three-coil 
circuit. The flux vibrator was connected to an ex- 
ploring coil of five turns wound outside of the main coil 
on the middle leg. The current vibrator carried a part 


Fig. 10—Disptacep Hystreresis Loop ConstrucTED FRoM 
ActuaL CURRENT AND VOLTAGE WAVES. NoTE THAT THIS 
Loop 1s SUBSTANTIALLY THE SAME AS THE ONE TAKEN WITH 
THE BILATERAL OSCILLOGRAPH 


of the exciting current shunted off at (a) in Fig. 5. 
The currents were so high that the errors due to leakage 
and J R drop were very pronounced. ‘The area of the 
loop is actually negative, and is therefore valueless 
in indicating losses. It does show the change in per- 
meability, though, by the decrease in its slope when the 
direct current was added. The vertical loop is a normal 
one, and has very little error, since the exciting current 
was quite low when no direct current was present. The 


Fie. 11—Normat anv Dispiracep Hysteresis Loops 
or TureeE-Cort Circuit or Fie. 5, SHowING CHANGE IN Im- 
PEDANCE BY A DECREASE IN SLOPE WHEN DirREcT CURRENT IS 
AppEep. AREA or DistorTeD Loop 18s NoT REPRESENTATIVE OF 
Iron Loss Because or ERRORS 


distorted loop shows the effect of leakage and J R drop 
at high values of d-c. flux by a decrease in vertical 
height. The exploring coil did not link as much of the 
flux when the core was saturated, and the flux was less 
by the I R drop, since the applied voltage was held 
constant. It should be noted that the average slope of 
the whole loop from the horizontal axis is a measure of 
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the a-c. permeability of the iron, or impedance of the 
reactor. 


IMPEDANCE CURVES 


The design which gives the greatest change in im- 
pedance for the least number of d-c. ampere-turns is the 
best, other things being equal. Fig. 12 shows the change 
in impedance of the reactor as direct current is added. 
All of these curves are at 60 cycles. In each case the 
impedance, when there is no direct current, is taken as 
100 per cent and the percentage of this impedance 
plotted for different d-c. ampere-turns. Curve No. 1 is 
at a low a-c. flux density (42 kilolines) and has the 
direct current in series (only the center leg of the re- 
actor being used). The initial decrease in impedance 
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is seen to be quite large for small values of direct cur- 
rent. No.2is the same curve for 70 kilolines, and No. 3 
for 94 kilolines. The direct current is most effective at 
low a-ec. flux densities. Curve No. 4 is also at 42 
kilolines, but has direct current in the outside legs only. 
It lies above Curve No. 1 because the middle leg is not 
affected by the d-c. flux, and the reluctance of the d-c. 
path is higher than for the series connection. No. 5 
is at 90 kilolines and corresponds to No. 8 of the series 
circuit. 


CONCLUSIONS 


The results of this work indicate that the zron losses 
of a d-c. excited reactor are not excessive. For high 
a-c. saturations, such as would be used in shunt re- 
actors for voltage regulation on a transmission line, 
the iron losses proper may even be decreased. How- 
ever, no scheme has yet been discovered for eliminating 
the necessary evil of the double frequency circulating 
current, and its copper loss must really be charged up to 
the iron. This loss, however, may be made as small as 
desired by using sufficient copper, since for a given core 
the double frequency current is a function of the direct 
current excitation, and by its circulation, tends to cut 
down the voltage that produces it. Its limiting peak 
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value is the value of direct current if it all flows in the 
d-e. circuit. 

In conclusion, the authors wish to express their 
appreciation to Dr. V. Bush for his inspiration and 
assistance during the course of the work and to Messrs. 
G. Faccioli, A. Boyajian, and O. R. Schurig, for their 
helpful criticisms and suggestions. 
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Discussion 


J.D. Ball: About ten years ago I was very much interested 
in investigating the amount and nature of magnetic losses in 
iron when subjected to a superimposed a-c. and d-c. excitation. 
We spent three years on this investigation and collected what 
we could find of the data available at that time. All the results 
showed quite conclusively that for a given flux change due to 
alternating current, there was a definite increased loss in the 
hysteresis if d-c. flux was superimposed upon it, and the greater 
the superimposed d-c. excitation, the greater the loss. The 
same conclusion was verified by experiments made at the United 
States Bureau of Standards, at the Pittsfield Laboratory of 
the General Electric Company, and also by tests made in the 
Standardizing Laboratory of the General Electric Company 
at Schenéctady. The results from the various publications 
studied led us to the same conclusions. 

In the present paper the writers state that an attempt was 
made to account for the additional losses due to a superimposed 
d-c. excitation by a formula in which the Steinmetz equation 
was used with changed exponents. This is not accurate. In 
our mathematical equation the Steinmetz formula was left 
exactly as it was given by him but it was extended by adding a 
supplementary expression which would indicate the increased 
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losses. It is readily seen that to be mathematically correct 
this additional expression must be added and cannot be multi- 
plied; otherwise the entire expression would become irrational 
when the d-e. excitation is zero. 

There was no certainty expressed at the time that the expres- 
sion, as supplemented by ourselves, was necessarily correct, 
but this equation did agree with the results of various experi- 
menters and was satisfied by the data which we obtained. 

Our investigation was made for two reasons, first, to assist 
in the design of machines where those conditions applied, such 
as in the inductor generator, and in the iron losses in rotor teeth, 
and second, in the hope that it would stimulate inquiry and 
result in the subject being studied by other investigators. 

The present paper disputes the results obtained up to this 
time. It is not essential to defend our position taken some time 
ago; the only thing in which we are interested is in finding the 
actual facts. The present results are unquestionably correct for 
the tests made, but I should question whether the authors had 
the same conditions in their circuits which they thought they had. 


I am more than glad additional inquiry has been made on 
superimposed losses. I do not think it is fair to take the results 
of this paper as the results of anything except the particular 
circuits in which they were applied.. Since the tests, as the 
authors are aware, have been made in accordance with what 
has not been considered good practise for a number of years, I 
feel they will agree with me on this. 


Turning to the paper, the first thing is the question of taking 
the instrument losses from a primary coil. This was the way it 
was done for a good many years, and up to fifteen years ago, it 
was considered the best way possible. The instrument losses 
and additional current consumed by the instruments are nicely 
taken care of and it is a simple matter to take out those instru- 
ment losses which can be mathematically caleulated and you 
always get something, although not always what is aimed at. 


It has been shown by experimenters in magnetic materials 
that it is necessary to use a potential or secondary coil for a 
voltage coil to measure the flux, and also to use the potential 
coil, either the same one or another potential coil, to excite the 
voltage winding of the wattmeter. I think it was Prof. Epstein 
who first pointed this out and the fact has been thoroughly 
established. 

Some elaborate tests were made at the Bureau of Standards 
in Washington and it was pointed out by Dr. Lloyd, and after- 
wards by Dr. Burroughs, that it was absolutely necessary to use 
a potential coil to get consistent results in any magnetic testing 
or investigation which they attempted. That is why I was 
surprised in glancing over this paper to find a secondary poten- 
tial coil was not used. I feel that if definite conclusions are 
drawn, it would be very well to check these results, using the 
approved method of employing a potential coil. 

A second point I wish to make refers to the nature of the 
magnetic circuit used. Possibly I misread this; but taking 
Fig. 3, if this represents the same connection as shown in Fig. 1, 
in which there is a d-c. excitation on the center leg of a three- 
legged core, and another excitation, a-c. or. d-¢., on the 
outer legs, I should take exception to that method of 
procedure. That isn’t exactly superimposing alternating cur- 
rent on direct current. .In a three-legged core, flux does quite 
a number of things and it doesn’t all go through the same paths. 

Another point: in superimposing alternating current and 
direct current, I know from experience that you get wild things 
unless it is done in one definite manner, that is, to have the 
alternating current and the direct current with one winding 
right on top of the other, so that any leakage or trouble of any 
kind would: have to be more or less similar. 

Another point is that the results obtained from any sample ex- 
cept a ring sample didn’t seem to be very good. True, witharing 
sample the flux density is greater at the inner circumference than 
at the outer circumference, but corrections have been established 
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by the Bureau of Standards. We found the only reliable 
method was to use a large ring in which the mean diameter of 
the ring was comparatively large in-comparison with the width 
of the sheet, or the difference between the outer and inner 
radii of the test specimen. Even then certain corrections 
should be appliec.as pointed out by the Bureau of Standards 
and others. 


There are at least two definite ways of superimposing alter- 
nating current and direct current: One is to subject the test 
specimen to alternating current and to superimpose on it a 
direct current in another winding immediately under or over it; 
another way is the step-by-step method, measuring the losses 
by the ballistic galvanometer. I think it would be well to 
cheek the present tests by the step-by-step method. First, 
a definite flux change should be assumed which would represent 
the iron when subjected to the a-c. excitation. The hysteresis 
loop should then be obtained by the well-known step-by-step 
method. This is the normal hysteresis loop. To obtain the 
effect of superimposing d-c. excitation, another loop which I 
have termed the ‘‘unsymmetrieal loop’”’ should be taken. This 
can be done by going up on the saturation curve to some point 
higher than the maximum of the first loop, then dropping down 
on the normal hysteresis loop from this second point to a point 
where the flux change from this new maximum is in the same 
amount as the total flux change in ease of the first loop. Then 
from this new bottom point, return step-by-step to this new 
maximum. Rather unique figures are obtained by this method, 
some of which were published in 19151. We invariably found 
that with the same flux change the area was always greater 
when the maximum point from which the loop started was 
raised. This is the same situation as when you have an a-c. 
excitation and superimpose upon that excitation a d-c. excita- 
tion represented by the mean density between maximum and 
minimum of the various loops. A study of these figures, the 
characteristics of any hysteresis loop, and the characteristics of 
any magnetization curve will show that invariably the area of 
the unsymmetrical loop inereases with increasing mean den- 
sity, the flux change remaining constant. 

A. C. Lanier: The oscillographiec record, Fig. 5 in this 
paper, seems to show a reduction in the density range as wellas 
a change in shape of the dynamic hysteresis loop due to com- 
bined a-c.-d-e. excitation as compared with the normal loop. 
Both effects should increase progressively with the increase 
in d-c. excitation for large a-c. excitations, and both should cause 
a diminution in the hysteretic component of the iron loss. The 
effect upon the eddy-current component is less clear. With 
small a-e. excitations there should be no appreciable reduction 
in density range except for very large d-c. excitations. The 
area of the displaced hysteresis loop for a given density range 
has also been shown to increase with increasing average density. 
Therefore, the curves of Fig. 2 appear reasonable. 

In connection with the study of surface iron losses, the speaker 
has noticed that sometimes, with high average gap densities, 
the measured losses are less than the expected values. The 
magnetic structure used when these results were observed was 
a homopolar structure consisting of a slotted cylindrical member 
rotating within a smooth cylindrical member. The excitation 
produced radial average flux distribution with a superposed 
tooth ripple. 


At high densities the amplitude of flux pulsation increased 
less with a given rise in gap density than it did at low densities. 
The loss increase was correspondingly lower. The seeming 
discrepancy is traceable to the effect of high tooth saturation 
which causes a departure from the straight-line relationship 
between the tooth-ripple density and the average gap density. 

Considering these results it seems probable that if the average 
gap densities had been carried high enough, the flux ripple and 


1. The Unsymmetrical Hysteresis Loop, by J. D. Ball, A, I. EB. B: 
TRANSACTIONS, 1915, Vol. 34, page 2693. 


June 1925. 


the losses due to it might have shown actual decreases with 
further increase in average gap density. 


O. R. Schurig: Mr. Ball called attention to the possibility 
of errors resulting from the method of iron-loss measurements 
employed by the authors, if proper corrections are not made. 


It is true that the power given by direct primary measure- 
ment, that is without the use of a separate potential winding 
on the iron core, includes losses other than iron losses. If, 
however, the extra losses are evaluated and corrected cor- 
rect iron losses are obtained. I believe the paper gives evidence 
to show that the proper corrections were applied and that 
reliable results were secured. 


It must be pointed out here that the method of iron-loss 
measurement employing a separate potential-cireuit winding 
on the iron core—the method advocated by Mr. Ball—also 
involves possibilities of grave errors. The potential-coil method 
is particularly subject to error where there is leakage flux between 
the primary (exciting) winding and the potential (exploring) 
winding to which the wattmeter potential circuit is connected— 
a well-known fact. Thus, the reliability of any test results on 
iron losses depends on the thoroughness with which the extra 
losses have been corrected, unless the circuits have been 
specially designed to make the excess losses negligible. 


It so happens that within the last year the potential-exploring- 
coil method has been applied at Schenectady to iron-loss measure- 
ments with superposed d-c. and a-e. excitations, 7. e., a series of 
tests similar to those presented in the Charlton and Jackson 
paper, but utilizing, for measurement purposes, a separate poten- 
tial winding on the iron core under test. The results of these 
more recent tests, to be published on a future occasion, show, 
as do those of the paper, a slightly decreasing iron loss with in- 
creasing d-c. excitation when high a-e. excitations at constant 
impressed a-c. voltage were employed. 


K. K. Palueff: I should like to mention that if a core as 
used by the authors is long,a certain portion of the total flux 
produced by windings placed on the outer legs may not reach 
the center leg but take an air path for return. The same thing 
would be true for the flux created by the winding on the inner 
leg. This ‘‘stray’’ flux will increase as the flux density in- 
creases. Thus, the superposition of two fluxes—one created 
by the winding on the outer legs and another by the winding on 
the inner leg—may not be as complete as anticipated. 


W. R. Weeks (by letter): In the measurement of iron losses 
under normal conditions, what is known as the Epstein circuit 
is used to eliminate the J* R losses of the exciting winding and 
wattmeter current coils from the readings. If it is possible 
perfectly to interlink the excitation coil and the exploring cecil, 

then the readings obtained will be an accurate measure of the 
losses in the iron. The errors due to circuit-resistance losses 
will be automatically eliminated. 


However, errors may be introduced if there are other circuits 
which produce flux that links the exploring coil but does not, at 
the same time, link the exciting coil. Such leakage flux between 
the two windings will cause errors that will be positive or negative 
depending on the phase relation of the leakage flux. 


There are three possible conditions that may be encountered. 
(1) If there is no leakage between the exploring and excitation 
coils, the readings will be correct. (2) If there is leakage 
between the exploring and excitation coils, and there is no third 
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excitation coil, the readings of the wattmeter will be low. (3) 
If there is leakage between the exploring and exciting coils and 
there is a third coil (such as the d-c. winding) which sends flux 
through the leakage path, the readings of the wattmeter may be 
high. , 

All of the above leakage factors are quite difficult to determine 
for any magnetic circuit such as that used by the authors of 
the paper, and I believe that using the older method which 
introduced ‘additional losses, losses that could be accurately 
determined, was much preferable to trying to use the Epstein 
circuit. 


The Epstein circuit would undoubtedly be better if the 
exciting coil were the outside strands of a cable of which the 
central strand was used as the exploring or potential coil. 


J. E. Jackson: Mr. Ball has pointed out the fact that 
the paper was inaccurate as to the exact methods that had 
been applied in correcting the Steinmetz formula. I am sorry 
that the mistake was made, but it was intended mainly to 
indicate that an attempt of some kind had been made to adapt 
existing formulas to the case of superposed excitations. 


In answer to the question of why the Epstein method was 
not used, it was simply because it was felt that with the facilities 
available, the “subtraction method’’ was much more reliable. 
Mr. Weeks has pointed out some of the difficulties encountered 
in the Epstein method, and, that for the very reason that no one 
knew what the different fluxes would do when they were super- 
posed, it was impossible to ealeulate the errors to be expected. 
If all the leakage factors were accurately known, the calculations 
would still be more involved than the ones used, and there would 
be that much more chance of error. 


Whether the two circuits used were identical in their be- 
havior or not is still an open question, but the data showed 
that they were at least substantially alike. Our wattmeter 
method, when used in the series circuit, was felt to be correct, 
and the fact that the curves were practically the same when 
taken with the three-coil circuit tends to prove that the flux 
paths were very nearly identical in the two eases. 


Mr. Ball stated that a study of magnetic characteristics would 
show that invariably the area of the unsymmetrical loop in- 
ereases with increasing mean density. I do not believe that 
this is necessarily true if the analysis is carried far enough. 
Our hysteresis loops taken with the bilateral oscillograph show 
clearly that the area is less at the top of a distorted loop, and a 
consideration of the magnetic theories of Ewing, Poisson, and 
others shows that this must be the case. Hysteresis is generally 
regarded as some sort of molecular friction, and when d-c. excita- 
tion is added to the core the molecules are lined up and held so 
tightly that they cannot turn over completely with the reversing 
a-c. flux, but only vibrate slightly. If the d-c. excitation is 
strong enough to hold them tightly clamped, the hysteresis loss 
must disappear completely. The eddy-current loss should not 
change at all unless the wave form changes, so the net result 
would be a decrease in iron losses with d-c. saturation. As a 
matter of fact, the wave forms do become slightly distorted, 
and the eddy losses tend to go up to some extent. 

Our work may not be accurate in the highest degree, but we 
feel that it is not grossly in error, and that certainly the iron 
losses do not increase ten or twenty times when d-c. excitation 
is added, although they may change as much as 100 per cent 
one way or the other. : 


Study of Time Lag of the Needle Gap 


BY K. B. McKACHRON* 


Member, A. I. E. E. 


Synopsis.—The study of high-voltage, steep-wave-front transients 
is difficult from the experimental standpoint because of the very 
Due to the improvement which the cathode-ray 
vscillograph has enjoyed in recent years, a device is now available 


short times involved. 


by the use of which transients occurring in times as short as one- 
In the paper, 
the authors used an oscillograph developed by Dufour in France, 


millionth of a second or less may be photographed. 


with which a brief study was made of the time lag of needle gaps and 
of a needle to a plane. 

A description of the oscillograph is given including a discussion of 
the method of operation. The photographic film is placed inside the 
tube so that the electrons impinge directly on the film. The wave is 
drawn out along a time axis by the combined action of a sweeping 
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motion and a perpendicular oscillating motion impartea to the 
electron stream by the action of proper electromagnetic fields. 

Tests were made with a wave which was nearly perpendicular, 
reaching its maximum tn about one microsecond. Such a wave was 
obtained by the discharge of a condenser through a suitable circuit. 
An oscillogram which shows the wave front used is given, and at- 
tention is directed to the 20,800-kilocycle oscillation which appears 
superimposed on the wave front. 

The results of tests in which this wave front was applied to gaps 
are given and it is shown that with any given gap setting and sparking 
voltage that the time lags vary through wide limits. Itis also shown 
that, for the same voltage, increased gap settings mean increased lag. 
The per cent overvoltage required to keep the lag to two microseconds 
or less decreases as the gap spacing increases. 


THE STUDY OF TRANSIENTS 


NE of the most difficult and perhaps also one of 
the most fascinating problems which the electrical 
engineer of today is called upon to study is that of 

the transient phenomena occurring in electrical circuits. 
Failure of apparatus, caused by the puncture or flash- 
over of insulation due to overvoltages the duration of 
which may be of the order of a few microseconds, has 
made desirable the use of lightning arresters which limit 
the voltage to safe values. Since in practise many of 
the steep front traveling waves are the result of the sud- 
den releasing of a bound electrostatic charge, lightning 
arrester laboratories have used the discharge of a suit- 
able condenser to simulate the actual line condition. 
For this purpose, and for the study of the action of 
insulation and gaps, impulse generators have been built 
which may be charged to values as high as 2,000,000 
volts. 

The calculation of such transients is not troublesome 
so long as the voltage is low and the wave front not too 
steep. However, with the higher voltages and very 
steep wave fronts, assumptions are often made, the cor- 
rectness of which is at least open to question. The 
sphere gaps which are used are assumed to be instan- 
taneous, and the resistance of the gap after arc-over is 
assumed to be negligible. The inductance and capaci- 
tance of the connecting leads is often neglected, while 
the influence of the test piece itself on the wave shape is 
frequently unknown. The circuit usually comprises 
loops which anyone familiar with radio knows are likely 
to mean coupling that may give rise to erroneous results. 

The limitations and some, at least, of the possible 
sources of error involved in the use of the impulse gener- 
ator have been recognized by lightning-arrester engi- 
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neers for some time. Three years ago the authors of 
this paper began to search for means for recording, on a 
photographic film, transient phenomena the frequency 
of which might be a million cycles per second or more. 
As a result of this search of the literature, the device 
described in this paper was found. 


OSCILLOGRAPHS 


The frequency limit of the ordinary Duddell oscillo- 
graph is in the neighborhood of 15,000 cycles. At 
this frequency the errors due to mechanical inertia are 
large and it is impossible to do more than count the 
cycles; the wave form cannot be distinguished. 

A satisfactory oscillograph for the delineation of the 
volt or current-time characteristic of a short-time 
transient must satisfy the following conditions: 


1. The device must have no appreciable inertia and must be 
capable of operating at a frequency of at least one million cycles 
per second. ; 


2. The device must use little energy in its operation, so that 
its use will not appreciably disturb the original circuit. 

3. The device should be capable of registering both voltage 
and current simultaneously. 

4, The apparatus must be so arranged that a single impulse 
will be sufficient for a satisfactory photographic impression. 

5. The oscillograph should be as simple as possible and have 
sufficient accuracy so that the results. may be used. with 
confidence. 

The first point can be satisfied only by some device 
using the flow of electrons. When thinking of the 
available devices making use of such a flow, one natu- 
rally turns to the Braun tube which has been used for 
many years as an oscillographic device. As originally 
developed, the Braun tube consisted of a cathode and an 
anode in an exhausted tube, together with a fluorescent 
screen. Unidirectional voltage from a static machine 
causes a flow of electrons from the cathode to the anode, 
some of which pass through a small hole in the anode 
and are deflected by magnetic or electrostatic fields 
produced by the phenomena being studied. The rays 
then pass on to the fluorescent screen where a graph is 
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traced the coordinates of which are determined by the 
deflecting fields. If the phenomenon repeats itself the 
graph appears as a stationary pattern, and may be 
recorded photographically using an exposure of several 
seconds. 

The Braun tube has negligible inertia, and very little 
energy is required to cause the deflection of the cathode 
beam. Its speed is the speed of the electron which may 
be varied between quite wide limits especially if using a 
heated cathode as in the Western Electric tube!. The 
upper limit of velocity is perhaps one-half that of light. 

The fourth condition mentioned, that of recording a 
single impulse, may be satisfied by placing the photo- 
graphic film inside the tube in such a way that the elec- 
tron stream impinges directly on the film. This has 
been done by several investigators with marked success. 
Some additional photographic effect can probably be 
obtained by the use of the heated cathode, but to get 
high electron velocities a very good vacuum is required 
which makes the operating technique more difficult. 


Many references have been found in the literature 
concerning the Braun tube and its uses. Most of this 
material has been the result of investigations done in 
foreign countries. All of the early work was done with 
fluorescent screens which limited the oscillograph to use 
with phenomena which could be duplicated, since the 
time of exposure was very long compared to the dura- 
tion of most transient phenomena. 


S. R. Milnor? in 1912 reported a volt-ampere char- 
acteristic of an arc at a frequency of two million cycles. 
This work was done with a cold cathode and a fluores- 
cent screen, but he was able to make the phenomenon 
repeat itself exactly. ; 


The first reference to the use of the photographic film 
inside the tube appears in an article by Alexander 
Dufour? in Comptes Rendus in 1914. He stated that he 
had obtained on a film a space of 1 millimeter cor- 
responding to an interval of time of one three-mil- 
lionth of a second. Dufour succeeded in doing this by 
the use of a method of registration which is described 
_ more in detail later in this paper. 

In 1919, Sir J. J. Thompson! in a lecture before the 
Royal Institution stated that, when using a hot cathode 
with the film inside the tube, an exposure of one- 
hundred thousandth of a second would be sufficient to 
excite the photographic plate. This reference also 
mentions the use of an auxiliary deflecting alternating 
current which produces the time axis and which could 
also be used for timing the phenomenon. 

In a valuable contribution appearing in the L’Onde 
Electrique in 1922 Dufour® describes a cathode ray tube 
which he used successfully with transients up to a 
fundamental frequency of 750,000 cycles with har- 
monics showing plainly at a frequency of 3,000,000 
cycles. To produce a time axis, Dufour used the rise of 
current in an inductive circuit to draw out continuous 


1. See list of references at end of paper. 
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oscillations from an are generator. He used a cold 
cathode with the photographic plate inside the tube, the 
tube being connected to a continuously operating air 
pump. This apparatus was used in studying the an- 
tenna currents in the wireless system on the Eiffel 
Tower. 

In 1921, Dr. D. A. Keys*, in an article entitled A 
Piezoelectric Method of Measuring Explosion Pressure, 
used a cathode oscillograph as the indicating device for 
the determination of instantaneous pressures in explo- 
sions under water. In this work Dr. Keys used a heated 
cathode with the photographic plate inside the tube. 

In 1922 Johnson! described a tube developed by the 
Western Electric Company which makes use of the 
hot cathode. This tube has a much higher sensitivity 
than the cold cathode tube used by Dufour. With any 
given tube the sensitivity depends on the speed of the 
electrons in the cathode stream and on the deflecting 
force. If high sensitivity is required, the use of the 
heated cathode will give very good results as it is pos- 
sible to apply low cathode voltages and secure slow 
moving electrons. Since the cold cathode depends on 
positive ion bombardment for the liberation of electrons, 
quite high voltages are necessary, which means high 
velocity electrons. 

The name of Professor Harris Ryan’ has been as- 
sociated with the cathode ray oscillograph for many 
years, he had a paper on this subject before the 
institute as early as 1903. 

Important work has been done by several investiga- 
tors among whom may be mentioned Wood?, Minton, 
and Chaffee, but enough has been mentioned to in- 
dicate the development of the cathode ray oscillograph 
in recent years. 


THE DUFOUR OSCILLOGRAPH 

For the study of high-speed transients then, it ap- 
pears that no better device is available than the oscil- 
lograph developed by Dufour. In the description of 
this oscillograph which follows, the tube itself is iden- 
tical with that described by Dufour®. The switching 
apparatus furnished by Dufour has not been used in 
this investigation*. 

Referring to Fig. 1 the oscillograph consists essen- 
tially of glass tubes a and b, fitted by means of a ground 
joint into the bronze chamber c. The upper glass tube 
a carries the cathode and anode. The tube b has one 
pair of deflecting plates for electrostatic deflection of 
the electron stream. For magnetic deflection two sets 
of coils, 1-1 and 2-2, Fig.2, perpendicular to each other, 
are placed external to the tube and located slightly 
below the deflecting plates. The coils are arranged so 
that they may be rotated about the axis of the tube, thus 
allowing adjustment of the angle between the axes of 
the deflecting fields. 

To operate the oscillograph expeditiously, easy means 


*For a description of this part of the apparatus reference 
should be had to the work of Dufour. 
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must be provided for changing films quickly. It is also 
necessary that a fluorescent screen be arranged so that 
it can be removed when making an exposure. How 
this is done in the Dufour oscillograph may be seen by 


Fic. 1—Dvtvrour OscILLOGRAPH 


referring again to Fig. 1. The drum, which in the 
illustration appears in the foreground, is provided with a 
film magazine which allows six films to be taken in 


Cathode 


| = Voltage 


Photographic 
Film 


Fig. 2—Driacramatic REPRESENTATION CF OscILLOGRAPH 
OPERATION 
succession. When viewing the phenomenon, a fluores- 


cent screen is turned up into position covering the open- 
ing into the interior of the drum so that the films are not 
exposed when using the screen. After placing the 
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films in the drum, it is placed inside the bronze chamber 
and locked in position. The opening is closed by a door 
having a very carefully constructed joint so that the 
tube may be made air tight. Three cocks, turning in 
ground joints placed in the door, serve to operate the 


- mechanism for changing films and moving the fluores- 


cent screen. Two glass windows, one on either side of 
the bronze chamber, permit of easy view of the fluores- 
cent screen. 


OPERATION OF THE OSCILLOGRAPH 


For slow speed work, a moving drum to take the 
place of the magazine drum may be used. This drum 
is driven by means of an external motor and magnetic 
clutch. A simple calculation shows that such a drum 


REGISTERING TRANSIENT PHENOMENA 


III. Sweeping and Oscillator 
IV. Transient superimposed on ITI 


Fic. 3—METHOD OF 


L. Sweeping 
II. Oscillator 


cannot be rotated at a sufficiently high velocity to draw 
out the oscillations so that they may be studied. To 
draw out a one-million-cycle wave in a manner similar 
to that used with the ordinary Duddell oscillograph, 
so that two millimeters are allowed per cycle, would 
require a film velocity of 2000 meters (6650 feet) per 
second. 

This problem has been solved by Dufour in a very 
satisfactory manner. Rather than move the film, the 
electron stream is subjected to the action of auxiliary 
fields which draw out the wave without the limitations 
of a mechanical system, as shown in Fig. 2. The 
method by which this is accomplished may be under- 
stood by reference to Fig. 3. In I is shown the 
effect of passing a transient current through coils 1-1. 
With the proper circuit arrangements the beam is held 
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off the film at the top until ready for the photograph to 
be taken, when a transient takes place which sweeps 
the beam across the film holding it off the film at the 
bottom. This transient current will be referred to as 
the sweeping current. 

A source of high frequency (a vacuum tube oscilla- 
tor) is connected to coils 2-2, which are mechanically 
spaced 90 deg. from coils 1-1. With coils 2-2 energized, 
the oscillator traces a straight line on the film, the am- 
plitude usually being adjusted to utilize the entire 
width of the film. When coils 1-1 and 2-2 are operated 
together the oscillator waves are drawn out as seen in 
Ill. If the oscillator frequency is 50,000 cycles and 
the effective width of the film 100 m. m. (3.9 in.), then 
the average distance corresponding to one micro- 
second would be 10 m. m. (0.89 in.). This means that 
if a million-cycle wave were impressed on the deflecting 


Fic. 4—Impuntse GENERATOR 


plates so that the beam was deflected thereby in the 
same direction as by the sweeping current, it would be 
drawn out sufficiently so that the wave form could be 
determined and IV shows the effect of the combination 
of the three fields. The oscillator wave is the zero line 
for the transient being studied, and it is a time axis 
whose unit of measure is varying according to the sine 
law. The speed of sweeping is always a compromise 
between drawing out the oscillator wave and the 
difficulty of getting the unknown phenomena timed so as 
to appear on the film. With much slower speed phe- 
nomena, the sweeping field may be placed 90 deg. from 
that of the unknown transient, so that the time axis 
becomes a straight line across the film. This axis may 
be conveniently calibrated by superimposing a known 
high frequency using the oscillator coils. 
Thus it is possible to get volt-time or ampere-time 
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curves with a time axis which can be calibrated with 
considerable accuracy. Volt-ampere characteristics 
may be taken by applying to the cathode stream fields 
proportional to the voltage and current and spaced 90 
deg. apart. 


THE CATHODE STREAM 


The best registration on the film is obtained when 
conditions are such that a fine pencil of rays strikes the 
film only when required. Not only is it desirable to 
hold the rays off from the film before and after the 
transient, but the operation of the tube is much im- 
proved if the cathode voltage is applied for just sufficient 
time to allow the proper registration of the unknown 
transient. 

For a given voltage impressed on the cathode the 
sharpness of the trace on the film will depend on the 
degree of exhaustion of the tube. For the work de- 
scribed in this paper the authors have used a Langmuir 
condensation pump, backed up by a two-stage oil pump. 
A McLeod gage was used to give an indication of the 
condition of the vacuum but the appearance of the 
spot on the viewing screen and the character of the 
discharge from the cathode itself, as viewed with the 
eye, gives a more accurate determination of the proper 
operating condition. A small tray of phosphorus 
pentoxide was kept inside the vacuum chamber which 
serves to keep the vapor pressure low. The entire tube 
is always kept in the evacuated condition except when 
actually changing films. This procedure aids in keep- 
ing the gas evolved by the walls of the tube down to a 
sufficiently low value so that the tube can be worked 
easily and quickly. 

The necessary cathode potential may be obtained by 
the use of either a high-voltage direct current, or a few 
degrees of the crest of an alternating potential. The 
latter method may only be used with phenomena which 
are fast compared to the change of potential during its 
registration. This method was mentioned by Dufour 
as being particularily adapted to the study of very 
short time transients, and as this method is very con- 
venient it was adopted for use in this study of gap 
characteristics. 


TIMING THE TRANSIENT 


The spot made on the photographic film by the elec- 
tron stream may travel as fast as 80 km. (50 mi.) a 
second across the film; and since it is not feasible to get 
a developed registration length of more than 10 or 12 
meters (32.8 to 39.2 ft.) on the film, the transient must 
be initiated during the very short interval of time in 
which the spot is sweeping across the film. 

A rotary switching device has been built which makes 
the necessary contacts so that voltage is applied to the 
cathode, the sweeping started, and the unknown 
phenomenon so timed as to appear on the film. The 
oscillator is connected before voltage is applied to the 
cathode, and remains connected until after the exposure 
has been made. The arrangements are such that only 
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the pushing of a button is required to set in operation a 
mechanism which makes all connections automati- 
cally. 


TIME LAG OF NEEDLE GAPS 


It is known that a needle gap shows considerable lag 
when subjected to steep wave front impulses. The 
brief study which is presented herewith measures 
definitely the lags encountered under the given con- 
ditions. The results are not complete, but do give for 
the first time, as far as the authors are aware, a direct 
measurement of lags as short as a few microseconds. 
The methods used here are being applied to the study of 
the problems encountered in lightning arrester practise 
and will yield results of great importance. 

The time lag of a gap may be taken as the time elaps- 
ing until breakdown occurs during which the applied 
potential exceeds the low frequency spark potential. 
For a voltage only slightly in excess of the low frequency 
spark potential the time lag may be long, while with 
steep wave fronts of high voltage it will be extremely 
short. The lag with any given gap is determined not 
only by the voltage at the time of spark-over but also 
by the shape of the wave front used. 

The purpose of these tests is to find the effect of 
successive increments of overvoltage on the time lag. 
To avoid the complication of a sloping wave front, it 
was thought best to use a wave as nearly rectangular as 
could be obtained. It is impossible to produce a per- 
fect rectangular wave but if the time required for the 
voltage to reach a constant value is small in comparison 
with the time taken by the gap under test to spark over, 
the error will be negligible. 


TEST ARRANGEMENTS 


An impulse generator, which was built for use in con- 
nection with the testing of lightning arresters, was used 
as a source of voltage. This generator, which may be 
operated up to 100 kv., consists of two hundred glass 
plates with tinfoil coatings. The plates are divided 
into four groups connected in series, each group consist- 
ing of 50 plates in parallel, giving a capacity of 0.13 
microfarads. The photograph (Fig. 4) shows the com- 
pact arrangement of the plates and the kenotron equip- 
ment which is used to charge the condenser. A con- 
nection diagram is given in Fig. 5 and shows the limit- 
ing sphere gap which determines the voltage at which 
discharge will take place. The water tube resistance, 
R,, allows the sphere gap to charge up properly, while 
R, is used to control the wave front as will be shown 
later. The dividing condensers, C, and Cs, were used 
for reducing the voltage to the proper value for the 
deflecting plates on the oscillograph. The use of a re- 
sistance potentiometer was considered, but if a value 
low enough to record the wave form accurately was 
used, it would discharge the condenser too rapidly, so 
that the voltage applied to the needle gap would not 
be sustained. ; 
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The oil-immersed dividing condensers are shown in 
Fig. 6, together with the needle gap being tested. 
These condensers consist of two fixed plates spaced 
0.8 mm. (1/32 in.) with a movable third plate having a 
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. WTo 
Oscillograph 


Fra. 5—Connection Diagram 


micrometer adjustment. The capacity of C, at the 
settingfused on the tests was about 20 micro-micro- 
farads. Variablestray capacities to ground and induct- 
ive effects between the condenser and the oscillograph 


Fie. 6—DivipiIne CoNDENSERS AND Test NEEDLE-GAP 


were eliminated by using a ground shield around the 
dividing condenser and by the use of a concentric cable - 
connection to the oscillograph. The grounded sheath 
of this cable was made of braided bronze wire, the inner 
conductor being a fine manganin wire having a resist- 
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ance of about 100 ohms. This resistance was used to 
damp out oscillations originating in the dividing con- 
densers and lines. 

Voltage calibrations were obtained from capacity 
measurements, and more directly by taking oscillograms 
when holding a known 60-cycle voltage on the dividing 
condensers. 

The general arrangement of the different elements 
used in taking a cathode ray oscillogram is shown in 
Fig. 7. The vacuum tube oscillator may be seen just in 
front of the oscillograph. The vacuum pumps are not 
visible, being located under the table directly beneath 
the oscillograph. The rotary switch is housed in 
the square box shown at the right. Between the 
rotary switch and the oscillograph are located the divid- 
ing condensers and the test needle gap. The entrance 
bushings back of the test gap lead to the 200-plate 
condenser, which is located close to the other side of the 


Fig. 7—Laroratory Set-up ror THE Stupy or IMPULSES 


wall. When setting up this circuit, care was taken to 
make all connections as short and direct as possible. 


WAVE ForRM 


Fundamentally, the circuit shown in Fig. 5 represents 
the discharge of one capacity into another with small 
series inductance and considerable series resistance. 
The circuit is of course complicated by the use of series 
gaps, wires leading to oscillograph and ete. With such 
a circuit, the series resistance R, will increase the time 
required to charge the capacity of the dividing con- 
denser and connections. 


The effect of changing R, may be seen by referring to 
Fig. 8, which shows the wave fronts with three different 
values of resistance. The method of registration used 
is the same as that described in connection with Fig. 3 
and consists in applying an upward sweeping motion, 
combined with the horizontal motion of the oscillator. 
Superimposed is the discharge of the condenser which 
is initiated by the action of the rotating switch. 

On the oscillograms given in Fig. 8 will be found two 
sets of oscillations, the first being damped out rather 
quickly. This oscillation, which has a frequency of 
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Fic. 8—OscitLocrams SHowine THE Wave Front UseEp,’on 
Nerrp.e Gap Tests 


Film 300—Oscillator frequency 42.6 ke showing wave form with 1100 
ohms series resistance. Voltage reaches constant value in 2.5 micro- 
seconds. 

Film 304—Oscillator frequency 42.6 kc. Wave form with 570 ohms 
series resistance. Voltage reaches constant value in 0.4 microseconds. 

Film 593— Oscillator frequency 50ke. Wave form with 700 ohms series 
resistance. Voltage reaches constant value in 1.0 microseconds. Needle 
gap sparks after 0.83 microsecond. Gap setting 65mm. voltage 75 kv. 
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approximately 20,000 kiloeycles, occurs when the rotat- 
ing switch sparks and is followed by another when the 
limiting gap sparks. There is a certain variable time 
interval between the sparking of these two gaps. How- 
ever, for the purpose of this paper the wave to be studied 
is that found when the limiting sphere gap sparks. 
On each of these films time is measured along an os- 
cillator wave beginning at the time when the main 
condenser discharge begins. 

In making these tests the aim was to obtain a steep 
wave front but at the same time to prevent the voltage 
from over shooting. Film 300 (Fig. 8) shows the main 
transient rising to its maximum value in about 2.5 
micro-seconds. Superimposed on this wave front are 
oscillations which are made up of a combination of 
several frequencies. Film 300, which was taken with 
1100 ohms in series, shows that none of the oscillations 
has a voltage exceeding the maximum value of the 
main transient. 

The series resistance was reduced to 570 ohms and 
film 304 taken. This film shows that the main transient 
rises to its maximum in about 0.4 microsecond. This 
resistance is too small, however, as some of the crest 
values of the superimposed oscillation exceed the final 
voltage. 

A value of 700 ohms was chosen as being the best 
compromise between the steepness of wave front and the 
condition of over-shooting. Film 593 was _ taken, 
using this series resistance, and it was found that a time 
of one microsecond was required for the voltage of the 
main transient to reach its full value (marked a on the 
film). This film is interesting as it shows the sparking 
of a needle gap 0.8 microsecond after full voltage had 
been applied. 

RESULTS OF TESTS 

The time lags under most test conditions used ex- 
ceeded two microseconds, which made the use of the 
oscillator undesirable except for timing purposes; 
therefore, nearly all results were ‘taken with the sweep- 
ing only, as this allowed several exposures on one film. 
With six films and five tests per film, it was possible to 
get 30 tests before releasing the vacuum and changing 
the magazine drum. The use of the sweeping also gives 
a uniform time scale for the measurement of the lag. 

The results of nine representative tests are given in 
Fig. 9. As this type of oscillogram is probably new to 
most of the readers of this paper, a brief explanation is 
given. ‘The different tests are numbered in the order in 
which they were made. In the first test, for instance, 
which is at the bottom of the film, (No. 543), the cathode 
spot comes on the film from the left, being swept across 
the film at a uniform rate corresponding to 4.5 micro- 
seconds per mm. About 190 microseconds later the 
voltage is applied by the operation of the rotating 
switch. The cathode beam is deflected upward and 
traces a horizontal line, parallel with the zero axis, 
until after 140 microseconds the needle gap under 
test breaks down and the cathode spot falls to zero and 
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Fic. 9—OscrnLoGRAMS SHOWING THE TimE LAG or NEED«.E GaP 


Film 543—Five tests on needl: gap at 15 mm 22 kv 
Film 558—Four tests on neelle gap at 60 mm spacing 58 kv. 50 
K C Timing wave. 


so continues, passing off the film at theright. Although 
the wave front in this film appears perpendicular, it is 
really as shown in Fig. 8, fim 598. 


Fie. 10—Conpirion or NEEDLES AFTER THIRTY DiIscHARGES 


a. New point. b. Dulled point. 
ec. Extra sharp point. 


Four needle-gap breakdowns are given in film 558, 
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Fig. 9, the voltage being 58 kv. with a needle gap spacing 
of 60mm. This film shows a 50-kilocycle timing wave 
which fixes thetimecalibration. Fig. 9, Film 543, shows 
the result of testsona 15 mm. needle gap with 22 kv. 
applied. These oscillograms show very nicely the 
steepness of the wave front compared with the time 
lags, and also how well the cathode ray oscillograph 
is adapted to the study of short time phenomena. 
Results obtained from a series of oscillograms for 
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An analysis of the results given in these tables brings 
out certain relations which are briefly discussed. 

For each voltage used the gap setting, corresponding 
to infinite lag, will be slightly above the 60-cycle setting 
for that voltage. As the voltage applied to the gap de- 
creased about five per cent in 4000 microseconds due to 
leakage of the condenser, no attempt was made in these 
tests to get extremely long lags. The per cent over- 
voltage above the 60-cycle spark potential necessary to 


TEST DATA 
TABLE I 
LAGS GIVEN IN SAME ORDER AS TESTS WERE MADE 
VOLTAGE 22,000 


* Time* Per cent Sparkingt 
Spacing Calibration Mas. 
and Atmospheric microseconds Time Jags in Min. 1st 2nd 3rd 4th 
Gap | Conditions per m. m. Microseconds Ay. range range range range 
18.5 m. m. Bar. 29.08 in. 18.5 354—710—354—222—205 Max. 850 48 30 0 22 
Needle Gap Temp. 21.5 deg. cent 112—205—615—298—850 Min. 55 
93—760—205—205 55 Av. 323 
240—280—850 75 75 
370— 93—175 
15 m. m. | Bar. 29.03 in. 4.5 140— 19— 25—210— 13 Max. 280 32 18 26 24 
Needle Gap Temp. 22 deg. cent for 120. 27 18 50: 34 Min. 13 
1st 34 tests. 120—100. 73 18 18 AV, 132 
Rel. humidity 22 per cent 18—145—160—170 
Bar. 29.3 in. 272—236—244—226—226 
Temp. 18 deg. cent. for 280—122—258—-240—218 
next 10 tests. 140—140. 23—172—191 
Rel. humidity 55 per cent 145 23—204 18—272 
Bar. 28.5 in. 23—245—145 45—136 
Temp. 21 deg. cent. for 222—182—182—163—172 | 
last tests. 
; Rel. humidity 28 per cent. 4.5 181 90 14—136 Al Max. 272 17 33 | 20 30 
L5.m. mi. Bar. 28.5 in. 75—115— 81—213—107 Min. 14 
Needle Gap Temp. 18 deg: cent. for 100—127—226—204—236 Av. 147 
Extra Sharp 1st 10 tests. 23— 27—272— 23—250 
Points Rel. humidity 55 per cent. 264— 82—240—136—226 
Bar. 28.5 in. 182—190—226— 168—190 
Temp. 21 deg. cent. for 
last tests. 
Rel. humidity 55 per cent. 4.5 86— 14— 90—158— 14 Max. 226 53 20 ia 20 
15m. m. Bar. 28.5 in. 208—100— 82— 45— 59 Min. 9 
Needle Gap Temp. 18 deg. cent. for 177— 18— 9— 13— 13 Av. 75 
Duiled Ist 10 tests. 23: 23: 32. 9 14 
Points Rel. humidity 55 per cent 172— 19—218— 18—172 
Bar. 28.5 in. 226— 18— 13—132—100 
Temp. 21 deg. cent. for ; 
last tests. 
12m. m. Bar. 29.05 in. Uh rks 4— 19— 7— 5— 19 Max. 64 57 19 16 8 
Needle Gap Temp. 22 deg. cent. for 4— 7— 42— 10— 7 Min. 2 
first 20 tests. 3.5— 42— 7— 7— 31 AVR LO ert 
Rel. humidity 32 per cent 21— 2— 4— 9— 4 
Bar. 28.5 in. 5— 16— 4— 7 9 
Temp. 22 deg. cent. for 5— 27— 62— 35— 43 
remaining tests. 5— 4— 14— 9— 60 
43— 9— 9— 46— 32 
5— 35— 4— 438— 26 
21— 16— 50— 64— 26 


*Time calibrations are given to show that the accuracy of time measurement is comparable at different lags. 
+In many cases the lags occurred in definite zones and to show this in a comparative way the maximum lag was divided into four equal times the 


percentage of lags occurring in each of these ranges being given. 


three different voltages and with different needle-gap 
spacings are given in Tables I to III. Tests were also 
made with a needle to a plane and between needles 
having different degrees of sharpness. A photomicro- 
graph is given in Fig. 10 showing the different needle 
points magnified to 30 diameters. This picture shows 
the condition of the needles after each had been given 
thirty discharges. 


obtain lags of one microsecond or less was found to 
decrease with increased spacing. 

With spacings of 10, 40 and 65 millimeters the per 
cent overvoltages are 75, 40 and 29 respectively. It is, 
of course, to be expected that the greater the per cent of 
over voltage the shorter the time lag. Theresultsshow 
that this is true, in general, although wide variations 
in time lag occur with every setting and at all voltages. 


840 McEACHRON AND WADE Transactions A. I. BE. B. 


TEST DATA 
TABLE IA 


LAGS GIVEN IN SAME ORDER AS TESTS WERE MADE 
VOLTAGE 22,000 
*Needle to plane—Needle Negative 


Time Per cent Sparking 
Spacing Calibration Max.* cio m 
and Atmospheric microsec. Time Lags in min. 1st 2nd 3rd 4th 
Gap Conditions per m. m, Microseconds AV. range range range range 
12 m. m. Rel. humidity 55 per cent 4.5 110 9 4—155 9 Max. 155 41 if 41 11 
Bar. 29.3 in. 4—100— 9— 9— 9 Min. 4 
Gap Temp. 20 deg. cent. for 4 9—140 14 9 Ava = Oe, 
tNew 1st 25 tests. Put in new needle 
Needles Rel. humidity 26 per cent 100—110—104 86 91 
Bar. 28.6 in. 86—104—110—100—114 
Temp. 20 deg. cent. for Put in new needle 
last 5 tests. 32— 41—109— 66—133 
+Extra Rel, humidity 26 per cent. 4.5 | 126 64 32 9—114 Max. 126 20 10 40 30 
Sharp Bar. 28.6 in. 68—104 86. 82 32 Min, 32 
Points Temp. 20 deg. cent. Av. 74 
yDulled Rel. humidity 26 per cent 4.5 14— 66—380— 23— 18 Max. 380 80 0 0 20 
Points Bar. 28.6 in. 380 9 9 36 9 Min. 9 
Temp. 20 deg. cent. AV. 94 


*Plane was a disk 24 in. in diameter. 
+See Fig. 10 for degree of sharpness of points. 


An examination of the tabulated results discloses the value for the points. ‘Tests made with the point posi- 
existance of time-lag zones, which indicates that break- tive (Table IB) show that the lag is less than two 
down is more likely to occur within these zones than microseconds while with the point negative with the 
outside. The existence of these zones is doubtful in same spacing and voltage, an average lag of 62 micro- 
some cases, while in others it seems well defined, as for seconds was obtained. When the point was negative 
instance at 75 kv. with a 95-mm. spacing (Table III). with a spacing of 18 mm. sparking occurred with ap- 

In general, the tests show that dull needles give proximately 50 per cent of the voltage applications. 
shorter time lags than sharp needles, although more Withthe point positivea similiar condition was obtained 
tests should be made to be certain of the relationship. withaspacing of 19mm. These results give some con- 

Comparing the point-plane tests (Point negative, ception of the effect of polarity on the lag of a point- 
Table IA) with the needle points having the same spac-__ plane gap. 
ing, the data show that the lags are of the same order of Measurements of atmospheric conditions were made 
magnitude although the maximum lag with the point- asamatterofrecord. Although no correlation with the 
plane is considerably greater than the corresponding variation in time-lag could be found, these factors 


TEST DATA 
TABLE IB 


LAGS GIVEN IN SAME ORDER AS TESTS WERE MADE 
: VOLTAGE 22,000 
Needle to Plane—Needle Positive 


Time Per cent Sparking 
Spacing Calibration Max. SS JY |H——— 
and Atmospheric microsecond Time Lags in Min. 1st 2nd 3rd 4th 
Gap Conditions per m. m. Microseconds AV. range range range range 

18 m.m. gap | Humidity 57 per cent 18.5 465—465—130—205—335 Max. 700 22 35 28 15 
Bar. 29.3 in. 700. 37—240—410—410 Min. - 37 
Temp. 25 deg. cent. 150—260—220—700 Av. 338 

16 m.m. Gap | Humidity 26 per cent 4.5 61—210—116— 66—188 Max. 232 Tn) 56 0 33 
New point Bar. 28.6 in. 77— 33— 61—232— 66 Min. 33 
Temp. 20 deg. cent. Av. 111 

Extra 221—116—183—  28— 44 Max. 221 45 iil 11 » 33 
Sharp 80— 28—110—188 Min. 28 
Point Av. 108 

Dulled 100—200—300—222—338 Max. 360 0 10 45 45 
Point 360—210—188—288 Min. 100 
Av. 236 

14 m. m. gap | Humidity 57 per cent 4.5 95— 9— 1l1l— 13— 9 Max. 95 94 0 0 6 
Bar. 29.3 in. 11— 13— 5— 9— 23 Min. 5 

Temp 25 deg. cent. 13— 18— 13— 18— 11 Av. 18.1 If 95 point is included 

(Av. 12.6 (4 43 29 21 

omitting 


95 point) 
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TEST DATA 
TABLE ITI 


LAGS GIVEN IN SAME ORDER AS TESTS WERE MADE. 


VOLTAGE 58,000 


Time Per cent Sparking 
Spacing Calibration Max. 
and Atmospheric microsecond Time Lags is Min. 1st 2nd 3rd 4th 
Gap Conditions per m. m. Microseconds Av. range range range range 
60 m. m. Relative 2.8 22 14—251—251—182 Max. 296 52 21 17 10 
Needle humidity 48 per cent 33—215—212—296 22 Min. 14 
Gap Bar. 28.5 in. 22— 48— 31—140— 28 AV. 78 
Temp. 21 deg. cent. 48— 25—112— 28—134 
’ 36— 42— 45— 34— 14 
87—210—196— 87 
50 m. m. Relative 4.5 13 18 68 59. 9 Max. 136 48 4 44 4 
Needle humidity 35 per cent 136— 91— 68— 9— 68 Min. 9 
Gap Bar. 28.5 in. 91—  9—_ 9—__ - P—_ BV Av. 47 
Temp. 20 deg. cent. 9—100— 68— 9— 82 
_5— 77— 9— 9— 68 
100— 68 
45m. m. Relative 2.8 6 25 6 3 3 Max. 112 83 4 3 az 
Needle humidity 15 per cent 6 6 6 6—112 Min. 3 
Gap Bar. 29.1 in. 6 42—112 6 3 Av. 16.5 
Temp. 21 deg. cent. 3 3 3 3 3 
3— 3— 3— 63— 3 
6— 39— 3— 6— 3 


undoubtedly have a great effect. 


To determine the keeping the oscillograph circuits free from disturbances 


effect of these factors much greater variations are emanating from the main impulse circuit. The cathode 


necessary than those which occur naturally. 


oscillations up to 20,000 kilocycles. 


CONCLUSIONS 


An oscillograph is now available, as represented by aps, show that the lags vary between wide limits, the 
that made by Dufour, by the use of which single tran- average lag increasing with increased gap settings. 
sients may be photographed, without being limited by The limits could probably be narrowed considerably by 
the inertia of a mechanical system. By its use, wave the use of careful control of air and electrode conditions. 


forms are shown in the paper having measureable . The per cent overvoltage, required to keep the lag to 


ray oscillograph, as used here, becomes a tool of the 
greatest value in the study of transient phenomena. 


The lag tests, with constant voltage on the needle 


The authors have two microseconds or less, decreases as the gap spacing 


worked with an oscillator frequency of 250 kilocycles increases. The lag is shown to depend on the condition 
which allows the registration of a frequency of 100,000 of the needle, the dull needle tending to have the shorter 
As the frequency increases, the problem of _ lags. 

the characteristics of the circuit used become increas- The authors are continuing the use of the oscillograph, 
ingly important and great difficulty is experienced in intending to apply it to the study of transients on 


kilocycles. 


Spacing 

and 

Gap 
95 m. m. 
Needie 
Gap 
70 per cent 
sparking at 
this setting 


80 m. m. 
Needle 
Gap 


72 m. m. 
Needle 
Gap 


Atmospheric 
Conditions 


Relative 

humidity 14 per cent 
Bar. 29,1 in. 

Temp. 22 deg. cent. 


Relative 

humidity 14 per cent 
Bar. 29.1 in. 

Temp. 22 deg. cent. 


Relative 

humidity 26 per cent 
Bar. 28.8 in. 

Temp. 19 deg. cent. 


TEST DATA 
TABLE III 


LAGS GIVEN IN SAME ORDER AS TESTS WERE MADE 


Time 
Calibration 
microsecond 
per m. m. 


8.5 


2.4 


VOLTAGE 75,000 
Per cent Sparking 


Max. -————— Amo  _\qc—i— 
. Time Lags in Min. 1st 2nd 3rd 4th 
Microseconds Av. range range range range 
120— 21— 88— 42— 25 Max. 491 40 0 14 46 


491—406— 34—340—466 Min. 21 
339—440—400—460—400 Av. 260 


35— 45—280—240—250 Max. 335 58 0 28 14 
35— 40— 30—235— 30 Min. 15 

35— 30— 35—. 35—335 Av. 120 
235— 40— 15—210—230 

300—200—250— 45— 30 

35— 35— 40— 35—210 


38— 38— 43— 48— 26 Max. 60 4 48 28 20 
43— 29— 38— 21— 48 Min. 2 

29— 45— 29— 29— 29 Av. 35 

29— 2— 17— 55— 60 

31— 53— 41— 31— 31 
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transmission lines due to lightning and other causes. 
The breakdown of insulation and the operation of 
lightning arresters is also being investigated. Ac- 
knowledgment is gladly given to the work of Alexander 
Dufour, who constructed the oscillograph used by the 
authors in the work described in the paper. 
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Discussion 
Swampscott, Mass., May 9, 1925 


C. H. Dagnall: I should like to ask Mr. MeEachron what 
method he used to have the specified amount of gas—inert gas— 
inside of a tube to concentrate a stream of electrons into a point. 
It has been found that when a definite amount of inert gas is 
present in the cathode-ray tube, due to ionization of this gas, the 
electrons flowing are concentrated into a very fine stream, 
instead of spreading out due to repulsion between the electrons 
and the stream itself. I should like to know what method Mr. 
MeEachron. used to produce this definite amount of gas. 

H.B. Smith: [think this paper of Mr. McEKachron’s deserves 
discussion, and, in my own ¢éase, appreciative discussion, because 
in 1914 we attempted at Worcester to carry out a little of the 
fundamental research on dielectrics which Professor Adams 
pointed out the other day as important, as a basis for cable 
design as well as other things. We wanted to see what could be 
determined with regard to the analysis of dielectric phenomena 
occurring when approaching the point of breakdown of the 
dielectric. We wanted to get polar oscillograms of half waves of 
current and voltage on a sample of dielectric just previous to the 
point of breakdown, in order that we might analyze the phe- 
nomena going on in the dielectric under that condition. 

Now, our first attempt, beginning about 1914, although 
recognizing the inherent difficulties of any instrument involving 
inertia, was with the application of the Einthoven galvanometer, 
which minimizes inertia of parts for the current wave. An 
electrostatic instrument with a very fine metal filament deflected 
in an electrostatic field was used to get the voltage wave simul- 
taneously, with a suitable photographic optical system, shutter, 
ete., so that we might obtain a half wave of both current and 
e. m. f. on a polar diagram of sixty cycles. 

That was not the high speed with which Mr. McEachron has 
worked, but still it is fairly high, and we obtained very good 
polar diagrams under those conditions. But the diagrams were 
of such a character that the more we studied them, the more we 
were afraid of the inertia effect. 

So the next step naturally taken up was the application of the 
cathode ray, and in that case, we made use of the Western Elec- 
trie Company’s development of the cathode-ray tube, and ran 
into just the difficulty mentioned by Mr. McEachron with 
regard to getting a satisfactory photographic impression at that 
speed. We couldn’t do it. We had just about reached that 
point when we learned of the Dufour instrument and attempted 
to make use of that. This was around 1917, and the war 
conditions made it impossible to continue the work. 
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However, experience with this instrument shows that we can 
secure such records as are needed for half periods on samples 
of dielectric, under the unstable conditions approaching break- 
down. It offers opportunity for this in a most promising 
fashion. 

W. L. Smith:, I was wondering how far it is possible to 
carry this speed before one runs into the difficulty of the change of 
inertia of the electron with its speed, limiting the speed of the 
phenomenon to be measured. 


Saratoga Springs, N. Y., June 26, 1925. 


E. E.F. Creighton: In the early years of lightning arresters 
and protective devices development, I spent many hours 
with Dr. Steinmetz speculating on what might be taking place 
in the earlier parts of our artificial lightning discharges. We 
could estimate, in a way, what extremely high frequencies might 
be brought into existence—superposed on our lightning frequen- 
cies which were, as a matter of fact, carried as high as 5,000,000 
eycles per second—but there was no assurance that these super- 
posed higher frequencies actually existed to any appreciable 
degree. The mathematical calculations of the resistance of the 
‘‘skin effect,’ for example, indicated that such high frequencies 
would be damped out immediately. These puzzles of more than 
twenty years’ standing have been carried in our minds. There- 
fore, to me, personally, it is a most peculiar pleasure to look on 
these oscillograms of records of millions of eyeles per second and 
see the complete solution of our speculative problem. 

I wish to make one correction as to the authors’ credit given to 
Mr. Duddell in the matter of the early work on the oscillographs. 
There are three men who stand preeminent in the development of 
the oscillograph—Blondell in Frarice, Duddell in England, and 
our good friend, Louis Robinson, in Amerie¢a. 

André Blondell is, without doubt, the father of the oscillograph. 
In 1898 I passed through London on my way to Paris and spenta 
day with Mr. Duddell. He was just getting his oscillographic 
work under way. at that time. Upon arrival in Paris I found 
that M. Blondell had had his oseillographs in use for a long time. 
He had both the magnetic-needle type and the bifilar type which 
is in such universal use today. The practical oscillographic 
apparatus which all of us know and find so convenient to use is 
entirely the work, one might say, of Mr. Robinson. 

L. R. Golladay: I was interested in the author’s investiga- 
tion of the impulse circuit resistance to give most nearly a vertical 
wave front. It seems to me that a moderate amount of over- 
shoot with a steeper wave front might not be objectionable. 
If the frequeney of oscillation were high enough, the effects on 
the time lag of the alternate half-waves would, at least approxi- 
mately, cancel out. 

The authors conclude that the percentage of over-voltage 
required to keep the lag at two microseconds or less, decreases as 
the gap spacing inereases. This conclusion must be based on 
data not included in the paper. It is to be inferred from 
Pedersen’s work that the percentage of over-voltage to keep the 
time lag constant with inereasing gap length would increase. 


I have referred above to the work of P. O. Pedersen who has 
published two important papers on spark lag in the Annalen der 
Physik. His method makes use of the velocity of spreading of 
Litchtenberg’s figures, and of the velocity of propagation in 
conductors, to measure time lags of the order of 10~® seconds. 
The present paper indicates that very careful work is required to 
obtain consistent results in measuring times as short as those 
measured by Pedersen. A few of the latter’s conclusions are as 
follows: 

(a) For constant gap length, the time lag decreases as the 
excess voltage increases. A similar conclusion is reached in the 
present paper. 

(b) For constant surge voltage, the time lag decreases to zero 
as the gap length is shortened. 

(ec) Effects of electrode shape. 
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1. For equal gap lengths, needles and points are faster than 
sphere-gaps. 

2. For equal time lags, a needle gap is about one-third longer 
than a sphere-gap. 

3. Withagap of 3mm., and about 100 per cent excess voltage, 
the time lag of a 10-mm., diameter sphere-gap was found to be 
10.5 X 10-8 sec., and of a needle gap, 5.6 X 10-8 sec., at the 
same voltage. 


4. The time lag of a gap is determined almost entirely by 
the shape of the anode, and the cathode has practically no effect. 
This accounts for the results obtained with a gap between a point 
and a plane in the present paper. 

(d) A minimum time lag is obtained with clean electrodes, 
which may be multiplied by five or more-by contamination of the 
electrodes surface. The effect of a spark is to increase the time 
lag for subsequent sparks due to corrosion of the electrode surface. 

(e) Time lag depends more upon the ratio of impressed 
voltage to breakdown voltage, than upon gap length, although 
there is a slow increase with increasing gap length. 

The above results were obtained with relatively short gap 
lengths—usually of a few millimeters. It is interesting to note 
that Pedersen found that the time lag is more affected by the 
electrode surface than by the electrode shape. 

In the course of lightning-arrester development work, the 
writer had occasion to develop a means for measuring time 
lag of insulator flashover, breakdown of spark-gap, and discharge 
of lightning arresters. Satisfactory answers to these problems 
were obtained with a “‘timing”’ circuit consisting of a condenser 
and resistance connected in series and shunted across the appara- 
tus to be timed. The peak voltage of the condenser is measured 
by a small sphere-gap in the ease of long time lags, or by a kly- 
donograph in the ease of short time lags. With the assumption 
that the voltage impressed on the timing cireuit has a rectangular 


wave shape, the time is given by the formulat = R C loge E 5 
SG 


where Rand C are the constants of the timing circuit, H the surge 
voltage, and e the condenser voltage. With this method we 
have obtained a figure of 2.7 microseconds for the time lag of a 
25-kv., pin-type insulator with 150 kv. impressed. The time lag 
of a 25-cm., sphere-gap set at 8.5 mm., was 0.24 microseconds 
with 36kv. While the sphere-gap is fast, it is not instantaneous. 
It has a measurable time lag. 

As a matter of interest some tests were made under one of the 
conditions of the present paper, a 12-mm. needle gap at 22 kv. 
A 0.1-mierofarad condenser supplied the surge through a 675- 
ohm resistor. The results obtained were: minimum time lag, 
0.83; average 3.3; and maximum 13.8 microseconds. These 
results are of the same order but somewhat lower than those of 
the paper. I believe that the discrepancy is due to differences in 
tests conditions. The results with the needle gap were quite 
erratic compared to those obtained with sphere-gaps. The 
major inconsistencies are probably due to microscopic differences 
in the needles. The smaller differences are encountered when 
testing with sphere-gaps and are probably due to minor changes 
in test conditions. 


E.E. Burger: One of the most important uses of the cathode- 
ray oscillograph at the present time is to study the operation of 
lightning arresters. Heretofore, we have had to rely chiefly upon 
sphere-gaps for measurements but since only maximum values 
could be measured and the time element was not considered, 
questions of uncertainty always accompanied the measurements. 
By applying this oscillograph to lightning-arrester test circuits a 
new field of information has been opened for study. 

In the study of lightning arresters, there are two important 
points that we wish to consider from the protection standpoint. 
First, how much above the insulation test voltage do the arresters 
allow the voltage of the transient to go, and second, what is the 
duration of thisover voltage? Most insulation has a test voltage 
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of approximately two times normal for one minute. Studies of 
the mechanism of insulation breakdown seem to indicate 
that insulation failure depends upon an overvoltage-time 
characteristic. 

The accompanying curves show two cathode-ray oscillograms 
transcribed into rectangular coordinates. The ordinates repre- 
sent the value of voltage impressed across apparatus insulation, 
and the abscissas give the duration. Curve A shows a transient’s 
characteristics. without the lightning arrester, and Curve B 
shows the change in the transient caused by the operation of 
the arrester. Line C would represent the A. I. E. E. value of 
test voltage. The area under Curve B and above line C repre- 
sents the realm in which insulaton may become damaged. 


KILOVOLT EFFECTIVE 
on 


a eae 
|MICRO SECONDS 


OscILLoGRAMS SHOWING Rise or VottaGcs (A) WITHOUT AND 
(B) Wits Licutnine ARRESTER. 


Now the question is: what kinds and shapes of transients shall 
we apply to arresters? In the laboratory it is possible to pro- 
duce transients of almost any wave front, voltage or duration, 
but we do not know how these transients compare with what 
we actually get in practise. This is one of the most important 
points we should know, and possibly through the use of this 
oscillograph or other instruments, we may be able to determine 
some of these factors. 

L. T. Robinson: In connection with this instrument, 
it is interesting to recall that as early as 1903 a device making 
use of the cathode-ray tube for obtaining photographie records 
of electrical wave forms was developed and described by our 
past-president, Harris J. Ryan.? 

K. B. McEachron: No direct determination of the correct 
amount of residual gas is made. The condition of the vacuum 
for proper focusing is determined by observing the appearance of 
the cathode stream. 'To be able to judge properly the size of 
the spot in this manner requires some experience on the part of 
the operator. The gage shows a pressure of from 2 to 6 microns, 
but the gage indication is not depended upon for determining the 
proper vacuum condition. 

The question of limitation of the oscillograph raised by Profes- 
sor W. L. Smith is an interesting question. The electron speed 
corresponding to the voltage used is about one-third that of light. 
At this speed the limitation does not depend on the velocity 
of the electrons but rather on means of drawing out the wave 
along a time axis. 

We have used oscillator frequencies as high as 1,000,000 
cycles, detecting frequencies on the unknown transient of more 
than 100,000,000 cycles. Still higher frequencies may be studied 
but the sweeping rate becomes so high that it is difficult to time 
the phenomena properly. For most work it is doubtful if much 
is to be gained by going to frequencies higher than this. 

Concerning the effect of spacing on the percentage of over- 
voltage required to keep the lag to less than two microseconds, 
mentioned by Mr. Golladay, the detailed data were not included 
in the paper, but the data for three different spacings were given 


1. The Cathode-Ray, Alternating-Wave Indicator, by Harris J. Ryan, 
A. I. E. E. Txansacrions, Vol. XXII, 1903, page 539. 
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in the text near the end of the paper. The results in the table 
are for lags of two microseconds or longer. 

The results obtained by Pedersen are of interest, but as Mr. 
Golladay states, they were obtained on relatively short-gap 
lengths with which electrode conditions are of greater importance 
than with larger gaps. 

The time lags on the insulation and sphere-gap as given 
by Mr. Golladay are of note, but the results will depend consider- 
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ably on the wave shape applied. Considerable error may be 
introduced when using this method by assuming a perpendicular 
wave form for caleulation purposes. 

Mr. Golladay used a much smaller sphere-gap setting than is 
standard for 25 em. spheres which is probably the reason for the 
rather long time lag given. Peek® has shown that considerable 
lag may be expected with gaps much smaller‘than 0.3 »/R, where 
R is the radius of the sphere in centimeters. 


Oscillographic Solution of Electromechanical 
Systems 


BY C..A. NICKLE! 


Associate, A. I. E. E. 


Synopsis.—A simple and practical method has been developed for 
investigating certain important classes of dynamic systems, as 
represented, for instance, by a power system comprising synchronous 
or induction generating units, with prime movers, connected through 
transmission lines to receiving apparatus of the same character. 
The behavior of individual units, of course, can also be investigated, 
—such as the important case of determining the current pulsation of a 
synchronous motor driving a reciprocating compressor, or purely 
mechanical systems involving moving masses and resilient members, 
such as beams, bus bars, etc., under the influence of suddenly applied 
load. In the present paper,the method ts described and its applica- 
tion to a few of the possible cases is illustrated. 

The method is to have an “equivalent electrical circwit” solve the 
problem, and the oscillograph plot the solution. The idea is based 


on the fact that if the differential equation for an electric circuit is 
identical with that for the dynamic mechanical system in question, 
then the corresponding electrical quantities can be taken to represent 
quantitatively the actual mechanical quantities. The equivalent 
circuit can be easily set up, and oscillographic records of the voltages 
and currents constitute the plotted solutions. 

The chief value of the scheme lies not only in one’s being able to 
easily solve a given complicated problem, but also in the facility with 
which the effect of change in design factors may be determined. 

The method is capable of considerable extension. Its application 
is limited only by the extent to which circuit elements of the proper 
characteristics can be found. The treatment given here considers 
only those cases which involve the circuit elements L, C, and R, andin 
which these are constant. 


ATHEMATICAL analysis of mechanical and 

electro-mechanical dynamic systems, such as, 

for instance, a modern power system as a whole, 
or individual power units, becomes complicated very 
rapidly as the number of degrees of freedom is extended. 
When the limit of practical mathematical solution is 
reached, it is possible to resort to graphical methods 
which may be effectively employed within a limited 
field. Such methods were carried to unusual limits in a 
recent investigation by Booth and Bush? which demon- 
strated the efficacy, and also indicated the limitations, 
of those methods. Many practical power systems, 
nevertheless, extend far beyond such limits, yet the 
importance of their solution is certainly no less. On the 
contrary, it is perhaps greater. 

A simple method has been developed for investigat- 
ing systems of this general character. It involves the 
use of the oscillograph in connection with electrical 
circuits in which the electrical quantities represent the 
mechanical quantities of the actual system. In any 
given problem the procedure is to sketch out the 
equivalent circuit. according to definite principles, 
merely by an inspection of the diagram of the actual 
system. The equivalent circuit, described later, usually 
comprises batteries, inductances, capacities, and re- 


1. Of the General Electrie Co., Schenectady, N. Y. 

2. Power System Transients, Journat, A. I. E. E., March, 
1925, p. 229. 

Presented at the Regional Meeting of Dist. No. 1, Swampscott, 
Mass., May 7-9, 1925, and at the Annual Convention, Saratoga, 
N.Y., June 22-26, 1926. 


sistances of appropriate values. Oscillographic records 
of the currents and voltages in the various circuit 
branches, following some disturbance, constitute the 
plotted solutions of the differential equations of the 
system—plotted against time to a definitely known 
scale of torque, speed, displacement, power, etc. The 
method thus brings within practical reach the solution 
of extremely complicated problems relating not only 
to power systems but also to any system for which 
an equivalent circuit can be set up. 


HISTORICAL 


The idea of analogous systems has been employed for 
many years as an aid in visualization, explanation, and 
mathematical analysis. The same differential equa- 
tion may represent many different natural phenomena; 
which means, of course, in each case, that the quantities 
expressed vary with respect to each other in precisely 
the same manner. Thus, analogies follow, and elec- 
trical engineers have been quick to utilize them in the 
analysis of many problems. Arnold* has extended such 
analogies to the use of equivalent electrical circuits in 
the mathematical analysis of problems. While this 
usually affords a clearer conception of the problem, and 
may sometimes facilitate the handling of mathematical 
expressions, nevertheless, the expressions still remain to 
be handled. 

In the present paper, the idea is carried a step further. 
The mathematical processes are eliminated altogether 
by having the electrical circuit solve the problem, and 


3. Die Wechselstromtechnic, Vol. IV, page 379. 
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the oscillograph plot it. So, instead of tedious equa- 
tions perhaps hopeless of solution, even with such aid 
in mathematical treatment as the analogous circuits 
may give, one has available in the present oscillographic 
method, practical and simple facilities for analysis. 


PREMISES 


The fundamental basis for the method is that the 
differential equations for the equivalent circuit are of 
exactly the same form as those for the actual system. 
Since the equations are of the same form, the electrical 
quantities which occur in the equations for the equiva- 
lent circuit may be considered to represent the physical 
quantities which occur in the equations for the actual 
system. As will be shown later, if we choose inductance 
to represent mass, and electrical charge to represent 
displacement or length, time being common to both 
systems, it will be found that the differential equations 
are of exactly the same form, and, furthermore, that the 
various phenomena occurring in the physical system are 
represented by quantities in the equivalent circuit 
which are convenient to measure, that is, voltage and 
current. 

Assuming for the present that these representations 
are the most advantageous, Table I can at once be 
constructed. 


TABLE I 

Mechanical System Electrical System 
mass M £& inductance 
length L Q charge 
time le t time 

Derived 

quantities Dimensions Dimensions 
force F MLT~ Sits E voltage 
velocity V 15 HMO QO ft I current 
damping F E 
constant Ka —— R resistance 

V I 

resilience 
L Q : 
constant K, FP =z C eapacity 


In general, however, it is not desirable to use Table I 
for quantitative representation, since this would often 
require very large and impracticable electrical units. 
In order that the electrical units shall be of reasonable 
magnitude, we can let one unit of mass be represented 
by a units of inductance, one unit of time in the physical 
system by 6 units of time in the electrical system, and 
one unit of length by ¢ units of charge. Then, by ar- 
bitrary choice of the conversion factors a, b, and c, 
the order of magnitude of the quantities in the electrical 
circuit can be made any desired value. Introducing the 
conversion factors, Table II may be constructed. 

In the differential equations for systems in rotation, 
the moment of inertia corresponds to mass in systems .in 
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TABLE II 


Mechanical System Conversion Factors* Electrical System 


mass M a £& inductance 
length L c Q charge 
time ~ ue b t time 


Derived quantities 


ac 

force F 53 E voltage 

velocity V c/b I eurrent 

damping 

constant Ka a/b R_ resistance 

resilience 

constant IK b2/a C ecapacity 
rr, a c . 

power FV 3 Ei power 


translation, angle corresponds to length, and time is the 
same for both systems. Hence the table for systems 
in rotation may be written at once, as shown in 
Table ITI. 


TABLE III 
Rotational System Conversion Factor Electrical System 
moment of inertia J a £ inductance 
angle 6 c Q charge 
time /u b t time- 
Derived quantities 
ac 
torque 3 = E voltage 
angular velocity w c/b ~ current 
damping constant 3g a/b R resistance 
resilience constant 3, b2/a C eapacity 
Oe F 
power Sw 53 Ei power 


In the present treatment, only physical systems, . 
in translation or rotation, in which existing forces are 


ax Hi es 
de dt 


sidered, where x represents length or angle; in other 
words, only physical systems which may be expressed 
by linear differential equations will be taken up. 

A composite system, of which the component parts 
are expressible by linear differential equation, is itself 
expressible by a linear equation of higher order and may 
be represented by a composite electrical circuit. 

Obviously the method is not limited to problems in 
mechanics alone, but may be used as a means of solution 
of any problem which may be expressed by linear dif- 
ferential equations. However, the method is not neces- 
sarily limited to linear systems only. If electrical 
circuits can be devised which have characteristics 
varying in exactly the same manner as the characteris- 
tics of the system to be solved, then the method is 


proportional to , and x, will be con- 


4. (Mechanical quantity) x (conversion factor) = (electrical 
quantity). Thus, C L feet = Q Coulombs, V c/b feet per sec. 
= amperes, etc. 
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applicable. In general, this would require resistances, 
capacities, and voltages which should be variable in 
accordance with certain prescribed laws. This might, 
in many cases, be entirely feasible, as is demonstrated 
in the representation of governor action described in 
Appendix A. 


EQUIVALENT CIRCUITS 

Fig. 1 illustrates some elementary physical systems 
and their equivalent electrical circuit. 

A brief inspection of the familiar differential equations 
for the various cases shows that they are of exactly the 
same form and, hence, their solutions must be of the 
same form. 


ja © D 
Fic. 1—Systems REPRESENTED BY THE SAME DIFFERENTIAL 
EQuATION 
(A) x dz os 
ge ie Re 
dV 1 
Pag ea oh Ee Ve 
(B) 
Ca) de 1 
Ita +a aor Seas 
dw 1 
=i, a dt =3 
I di +3aw + Sp Se 
(C) 
Ca) do: 1 
re ae ay Se BO 
dw 1 
SS dL aie dt =< 
I dt +dqw + 5, Pitas 
(D) 
q i Pannen 
iE dé + R t + C q=E£E 
di 1 
Lay, + Ri + Sitd=E 


Case A represents a mass and spring with one end of 
the spring attached to an immovable support, and 
having the mass constrained to move in a bath which is 
assumed to give a damping force proportional to the 
velocity of the mass M. Comparison of the equations 
for Case A and Case D shows at once that mass in the 
physical system is represented by the inductance in the 
-electrical circuit, and length, by charge, time being the 
same for both systems. From Table I, force should be 
represented by voltage, the damping constant by re- 
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sistance, the resilience constant by capacity, and 
velocity by current. These relations all exist respect- 
ively in the two sets of equations, and therefore, Case D 
is a true representation of Case A. A sudden applica- 
tion of force on. the mass M is given by a sudden ap- 
plication of voltage. The voltage across the inductance 
then gives the inertial force of the mass; the voltage 
across the condenser C is a measure of its charge, and 
thus gives both the displacement of the spring and the 
displacement force; the voltage across the resistance R 
gives the damping force of the liquid on the mass; and 
the current in the circuit gives both the velocity of the 


Fic. 2—Systems REPRESENTED BY THE SAME DIFFERENTIAL 


EQUATION 
(A) 
4; dx =) lg, ( ) =F 
Mag Osh gist aioli eae oP aa 
d V, 1 
Moe tKa(vi - v2) +56 S(a-m ater 
(B) 
ir nat) ta (ae) 
I de +5a(5 F pe 61 — 02 =3d 
dw L 
dt ea ey: Beek wo wy) dt=5 
(O) 
d 6, (= a ) pale ( ) 
Te dig oh parade ia Ue 
dw i : 
I vr or @1 — W2 +a S (oro) at= 3 
(D) : 
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mass and the rate of change of displacement between the 
two ends of the spring, these velocities being the same 
since the support is immovable. | 

Similar reasoning applies to Case B, except that the 
electrical quantities are interpreted in terms of rotation 
instead of translation. 

Case C represents a synchronous machine connected 
to an infinite system. In this case the voltage across 
the condenser gives the synchronous torque of the 
machine due to the displacement of the rotor from the 
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terminal voltage; the charge on the condenser gives the 
angular displacement of the rotor from the phase of the 
terminal voltage; the voltage across the resistance gives 
the damping torque due to the amortisseur winding, 
and the current gives the velocity of the rotor with 
respect to the terminal voltage, that is, the departure of 
the rotor from synchronous speed. It should be noted 
that the assumption of direct proportionality between 
synchronous torque and displacement angle has been 
made. Although this is not rigorously true, neverthe- 
less for small angles the assumption is, of course, 
justifiable. 

If the capacity in the circuit is made infinite, the 
synchronous torque becomes zero, leaving only the 
damping torque. The circuit is then evidently the 
representation of an induction motor. 

In the more general case, the supports are not im- 
movable, but also have a velocity and displacement 
which are functions of time. Fig. 2 illustrates this 
condition. 

Inspection of the respective differential equations 
shows that they are of exactly the same form as those 
for the equivalent circuit. Hence, for Case A and 
Case D the voltage across the inductance gives the 
inertial force of the mass; the current in the inductance 
gives the absolute velocity of the mass; the voltage 
across the condenser, the displacement force of the 
spring; the charge on the condenser, the displacement 
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Fig. 3 


between the two ends of the spring; the voltage across 
the resistance, the damping force acting on the mass; 
the current in the condenser, the rate of change of dis- 
placement of the two ends of the spring; and the 
current in the circuit terminals, the speed of the end of 
the spring. 

The reasoning for Case B is the same except that the 
electrical quantities are interpreted in terms of rotation 

- instead of translation. 

* For Case C, the velocity of the rotor is represented by 
the current in the inductance; the velocity of the ter- 
minal voltage is represented by the current in the cir- 
cuit terminals; the displacement of the rotor from the 
bus is given by the charge on the condenser; the syn- 
chronous torque, by the voltage on the condenser; 
the damping torque, by ‘the voltage across the re- 
sistance; and the relative velocity of the rotor with 
respect to the terminal voltage, by the current in the 
condenser. 

The characteristics of a transmission line are such that 
the power transmitted over the line, and the torque 
corresponding to it, are proportional approximately to 
the sine of the angle of displacement between the ter- 
minal voltages. Rigorous representation of such a 
characteristic would require a condenser the capacity of 
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which is a sine function of the charge. It has been 
found, however, that for displacements of the magni- 
tude customarily encountered in practise, the torque 
may be taken as proportional to the angular 
displacement?. 

For such an assumption, the transmission line will 
evidently be represented in the equivalent circuit by a 
condenser, just as in the case of the spring. 

In certain cases, such as power systems, the variation 
in speed of the component parts may be of relatively 
small magnitude compared with the total speeds. 
Since motion is purely relative, any constant value of 
speed may be taken asareference. Theactual choice of 
this reference will be largely determined by the nature 
of the problem under consideration. If every part of 
the system is initially moving at the same speed, the 
logical reference point is this initial speed. For such a 
case, the relative initial speed of each component part 
with respect to this reference is, of course, zero, and 
since current in the equivalent circuit represents speed 
in the actual system, the initial currents in every part of 
the equivalent circuit must be zero. 

Now, for constant speed in the actual system, > 
torques acting on the rotor of each unit must be zero. 
These conditions impose on the equivalent circuit that 

(a) all initial currents must be constant and equal to 
zero, and 

(b) 2 voltages acting on the individual induct- 
ances must be zero. 

As an illustration, let Fig. 3 represent a mechanical 
system in equilibrium, the entire system traveling at an 
absolute velocity V. To an observer also moving at the 
velocity V, the system will, of course, appear stationary; 
that is, with respect to the velocity V as a reference, the 
relative velocity of the entire system is zero. Now, if 
one of the forces is suddenly changed to a new value, the 
observer at velocity V will note certain velocities in the 
various parts of the system as functions of time, while 
to a stationary observer every velocity will be different 
by V. Evidently, therefore, the speed of the observer 
will have no effect upon the other phenomena such as 
forces, relative displacements in the system, ete. 

For systems initially in motion, it is thus possible 
to obtain an equivalent circuit in which the currents all 
differ from the actual equivalent currents by a constant, 
without changing the performance of the circuit. 

Use of this principle is made in developing a repre- 
sentation of certain prime mover torque-speed char- 
acteristics. . 

Fig. 4 shows a typical torque-speed characteristic 
for a waterwheel with full load gate opening held con- 
stant. If the waterwheel is initially operating at point 
C, then for considerable variations in speed, the charac- 
teristic is essentially the straight line A tangent to the 


5. The relation between power and angular displacements 
between the voltages at the ends of a transmission line is shown in 
the paper by Bush and Booth, on Power System Transients, 
Journat, A. I. E. E., March, 1925, Vol. XLIV, No. 3, page 233. 
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actual characteristic at C. The equation of line A is 


3 = d0o— Ks (1) 
where 
3 = torque at any speed s 
3o = intercept of line A with the Y axis 
and 
K = the numerical value of the slope of the line A. 


In accordance with the foregoing, since it is desirable 
in the interest of accuracy to choose some speed other 
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than zero as the reference speed, let s) be the reference 
speed with respect to which other speeds are to be 
measured. ‘Then, since the slope of the line is of course 
not changed by the choice of reference, the general 
equation is : 


Bias Shy AO ei 85) (2) 
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where 3’ = the torque at any relative speed (s — 8») 
and 3, = the torque when the relative speed is zero. 


That is, 
3, = the ordinate of the line A at the reference 


speed So. 

In the equivalent circuit, torque is represented by 
voltage and speed by current. Hence, corresponding to 
Eq. 2, the prime mover torque at any relative speed 
will be represented in the equivalent circuit by 


e=E-— Ri (3) 


The quantity K, or the slope of the torque speed 
characteristic, is thus represented in the equivalent 
circuit by a resistance. 

For other gate openings, the slope of the line A and its 
intercept with the Y axis will have other values. Under 
actual conditions, the governor will change the gate 
opening as a certain function of time thus necessitating 
values of H and R in equation (3) which are also func- 
tions of time. An approximate method of obtaining the 
proper functions for these quantities is illustrated in the 
representation of the governor given in Appendix A. 
However, under transient conditions it requires from 
two to four seconds for the governor to function; 
hence, the phenomena may be investigated, at least 
approximately, during the first second or two under the 
assumption of constant gate opening. 

In all equivalent circuits, the inductances, which are 
used to represent inertia, possess a certain amount of 
inherent resistance. This resistance, however, can 
always be considered as a part of the resistance required 
to represent the torque-speed characteristic. Oscillo- 
grams of voltage across the terminals of the various 
inductances to obtain inertial forces will include the 
small resistance drop due to the inherent resistance of 
the reactor. To obtain the true inductive voltage it is, 
of course, only necessary to subtract the resistance 
voltage at each instant from the total voltage. 

The equivalent circuits for the individual elements of 
the system, such as generators, motors, transmission 
line, etc., have been established, and are shown in Fig. 5. 
It is now necessary to show how these must be con- 
nected in a combined, equivalent circuit to represent the 
system as a whole. 

Referring to Fig. 6, let any number of synchronous 
and induction machines A, B, C, etc., including genera- 
tors, motors and synchronous condensers, ke connected 
tothebusmm. The conditions which must be satisfied 
are: 


(1) 
(2) 


> power flowing to point o must equal zero. 
The speed w of all branches must be the same 
at the point o, being the synchronous speed of 
the bus. 


Therefore, 2 torques, corresponding to the 
various values of power, and to that speed, 
must be zero. 


(3) 
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Thus, by (1), 
2p 0S pe per pe + Palit 2. ~. 
By (2) 


By (3) 
> im 
Fig. 6B shows the equivalent circuits for the various 
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Fie. 7—EQuivaLent Circuit ror Two Busses CONNECTED 
By A TRANSMISSION LINE 


units A, B, C, ete. The speed of the terminal voltage— 
that is, the voltage at O, Fig. 6A—is represented by the 
current 7). Since this must be the same for all units, 
the circuits must be connected in series; and since 
= torques must equal zero—the torque evidently 
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being the voltage® between the junction points n n— 
it follows that = voltages must equal zero. Hence by 
Kirchoff’s Law, the circuit must be closed, as in Fig. 
6c. Therefore, for any number of machines connected to a 
bus, as in Fig. 1A, the equivalent circuits of the various 
units should be connected in series, as in Fig. 6C. 


Thus, if the synchronous generator A were suddenly 
dropped from the system (by short-circuiting the points 
nn), the variation in the speed of the bus voltage, the 
instantaneous values of phase displacement, torque, 
speed, slip, etc. of the various machines can be read at 
once from the currents and voltages of the various 
branches. This is shown in more detail in the Num- 
erical Illustrations. 


Next, consider two such busses connected by a trans- 
mission line, as in Fig. 7A. The difference between the 
speeds w, and w,» of the two-bus voltages is, of course, 
the rate at which the angular displacement between 
the two voltages is changing. Thus, in Fig. 7B, 
if 7; and 72 represent respectively those two speeds, 
then 7;— 7% would be the current to the condenser, 
which represents the spring-like characteristic of the 
line. That is, the charge on the condenser d represents 
the phase displacement between the ends of the line, 
and the current (2;— 72) is the rate at which itis 
changing. The connection must, therefore, be as in 
Fig. 7B. -The rectangles A, B, C, and D in Fig. 7B 
represent the equivalent circuits as shown in Fig. 6B. 


Consider next a system as shown in Fig. 8A. At the 
junction point or bus at G, the speed for all branches is 
the same, namely ws. There must therefore be a 
main series circuit, which connects the various individ- 
ual circuits, and in which a current 72 flows. Yet each 
bus will likewise have its own series circuit as in Fig. 6. 
The transmission lines a, b, and ¢ willeach berepresented 
by a condenser which takes a current equal to the 
difference between 7, and the current representing the 
Thus, the component 
circuits are shown separately in Fig. 8B. The connec- 
tions are completed by inspection, as in Fig. 8c. Thus 
the series circuit for each bus is shunted by a condenser 
representing the line which connects that bus to the 
common point at G, and the groups are then all con- 
nected in series. 

Following the same reasoning, the equivalent circuit 
for the complicated system in Fig. 9A can be con- 
structed. Here, each circle marked w represents a 
bus with any number of units on it, such as in Fig. 6A. 
From the individual circuits shown in Fig. 9B as 


6. The voltage nn represents the electro-magnetic torque, 
and is obviously the impressed torque minus that consumed in 
acceleration: 
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sketched from inspection of Fig. 9A, the final con- 1. For any number of machines connected in parallel 
to a bus, the equivalent circuits should be connected in 


series, as in Fig. 6c. 


nections are made as in Fig. 9c. 
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Fig. 9—EQUIVALENT CriRcUOIT FOR AN EXTENDED SysTEM 


2. If this bus is connected to another through a 
Likewise, the equivalent circuit is constructed for the transmission line, or other inductance (the line or in- 
network shown in Fig. 10. ductance thus being a series connection), the condenser 
Thus the guiding principles for setting up the equiva- representing the line should be connected in shunt as in 
lent circuits are: Fig. 7B. 
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3. Condensers representing transmission lines must 
be always connected in such’a way that the condenser 
current will be the difference between the two currents, 
representing respectively the speeds of the two buses 
which the line connects. 


NUMERICAL ILLUSTRATIONS 
The differential equations, shown in connection with 
Figs. 1 and 2, are set up in terms of actual mechanical 
speeds and displacements. However, on account of the 
fact that the actual speeds of the various units compris- 
ing the system are different on account of the different 
numbers of poles, it has been found more convenient, in 


Displacement of Weight 


es 1 Second > 


11B 
Fig 11—Casz 1. 


(A) Equivalent Circuit 

(B) Oscillographic Solution 
handling actual numerical examples, to reduce all 
quantities to the basis of a two-pole machine. This 
has been done in numerical examples here considered. 
The conversion factors are given in Table IV, Ap- 
pendix B. 

Case 1. Fig. 114 shows a mechanical system, con- 
sisting of a mass and spring suspended from a rigid 
support, having the mass m constrained to move in a 
damping bath. The constarits of the mechanical 
system and the available values of L, C, and E for use in 
the equivalent electrical circuit are given. 

The conversion factors are then obtained as follows: 


inductance Ss 0.164 ae 
ee mass piled OL 475 Ra ae 
: capacity 4) 1658 C1075 
= resilience constant 0.111 
= 0.00149 
From which 
b = 0.0407 | 
ac voltage if 120 Oia 
also, hehe face Becta ee 
Then, 


c = 26.5 b?/a = 0.03896 
Of the three constants, L, C, and R, if two of them 


are chosen arbitrarily, the third is thereby fixed. Since 


resistance values are easily obtained, it is convenient to 
take L and C as are available, and let the resistance be 
what is thus required. 


The conversion factor for the damping constant is 


a 
in 203 
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Therefore, 


a 

ie b 
The oscillogram, Fig. 11B, was taken of the voltage 
across the condenser, C, for a sudden application of 
voltage, EH, thus giving a measure of the displacement 
force of the spring. The actual displacement force 
is obtained by dividing the voltage by its conversion 


a = 3.18 ohms. 


ac 
factor, cn The values of time for the actual system 


are obtained by dividing the time on the oscillogram 
by the factor 6b. Therefore, the oscillogram gives the 
plotted curve of either the actual displacement or the 
displacement force as functions of time, by merely 
giving it the proper scales. 

Case 2. Fig. 12A shows a composite mechanical 
system with its equivalent circuit. The constants for 
the two systems are 
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y =-286-.239 cos 4.25t-.047 cos 11t 
a," k(.286-.239 cos -4.25t-.047 cos 11t) 


lated Values 
~-&- Mechanical Test 
*“— Electrical Test 


0 0.4 0.8 1.2 1.6 2.0 
B TIME IN SECONDS 
Fig. 12—Caser 2 
(A) Equivalent circuit 
(B) Comparison of mathematical and oscillographic solutions with 
actual test. 


Mechanical Electrical 
m, = 0:218 L, = 0.246 henrys 
m;, = 0,1475 L, = 0.167 henrys 
Mechanical Electrical 
kp = 0.181 ft-lb. C, = 54.9 microfarad 
keg c= O14 ft-lb. C, = 46.5 microfarad 
F = 2.18 lb. E = 264 volts 


The mass, ™;, was raised to a point 0.286 feet above 
its normal equilibrium position and then suddenly re- 
leased. The displacement as a function of time was 
then calculated mathematically, and also solved by 
means of the equivalent circuit with the aid of an os- 
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cillograph. Actual test was also made on the mechan- 
ical system. The results of the three methods plotted 
in Fig. 12B show the remarkable agreement between the 
different methods. 

Case 3. Fig. 183A shows a power system and its 
equivalent circuit. The generating apparatus consists 
of a shunt motor driven synchronous generator which 
delivers power over a transmission line to a synchronous 
motor. The synchronous motor is direct-connected to 
a (direct-current) shunt generator which furnishes 
power to a resistance load. The load was suddently 
thrown on the shunt generator. The consequent vari- 
ation of power over the line was calculated mathematic- 
ally, measured by means of the equivalent circuit, and 
obtained from actual test. 

The constants used in the analysis are: 


Power System Equivalent circuit 
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actual tests. . 


Shunt motor torque-speed characteristic, 
ky =: 33 lb. it/rad/sec..... ki =. 8.6 ohms 
Shunt generator torque-speed characteristic, 


K. = 0.335 lb. ft/rad/sec. R. = 0.875 ohms 
Applied torque 
Apo deat, E, = 180 volts 


I = moment of inertia 

3, = resilience constant 

3a = damping constant 
Subscripts, 1, 2, and 3 refer to sending apparatus, re- 
ceiving apparatus, and line, respectively. 

Case 4. Fig. 144 shows a composite power system 
and its equivalent circuit. The system is comprised of 
a waterwheel driven generator (1) delivering power 
over a two circuit transmission line to a bus, to which 
may be connected a turbo-driven generator (2), a 
synchronous motor (3), and a synchronous generator 


(4). 
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Tests were made by means of the equivalent circuit to 
<C) Syn. Generator 
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(A) Equivalent circuit s 
(B), (C), (D), (B) and (F), Oscillographic solutions 


determine the nature and magnitude of the disturbances 
in various parts of the system when (a) a section of the 
line is opened, and (b) when synchronous generator 
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(4) is dropped from the system. Figs. 14B, 14c, and 
14D show the effect in the various units of dropping a 
section of line. In the equivalent circuit representing 
this condition, switch (2) is permanently closed and 
switch (1) is initially open, but is closed to produce the 
disturbance due to dropping a section. For this con- 
dition, the synchronous motor (3) was assumed to be 
carrying 400,000-kw. load, generator (1), 120,000 kw; 
and generator (2), 280,000-kw. Generator (4) is not 
connected. 

Initially the system is running in equilibrium with a 
resultant distribution of power and displacement 
angles throughout the system. When the section of 
line is dropped, the power-angle characteristics for the 
system are instantly changed. For the first moment, 
however, the rotors, due to the inertia, remain in 
their original relative positions. Therefore, due to the 
change in power-angle characteristics of the system, 
there is an instantaneous redistribution and change of 
power and torque for the various units. Oscillograms 
(a), Figs. 14B, 14c, and 14D show this instantaneous 
redistribution and subsequent variations of torque with 
time for units (1), (2), and (8) respectively. 

The final distribution and magnitude of power and 
torque is the same as the initial distribution and mag- 
nitude, since these are determined only by the governor 
characteristics of the prime movers and the applied 
load, which remains constant. However, the angular 
positions of the rotors with respect to each other, are 
different in the final condition from the initial condition 
since the power-angle characteristics are different. 
In changing from the initial to the final positions, the 
rotors go through certain cyclic changes in speed as 
shown in oscillograms (b), Figs. 14B, 14c, and 14D. 

The effect of dropping generator (4) was next in- 
vestigated. For this condition switch (1), in the equiv- 
alent circuit, remains open and switch (2), across which 
the voltage normally represents the torque of generator 


(4), is closed, thus eliminating the torque of generator - 


(4) from the system. In this case the synchronous 
motor (3) is assumed to be carrying a 400,000-kw. load; 
generator (1), 100,000-kw; generator (2), 280,000-kw; 
and generator (4), 20,000 kw. 

The consequent variations of torque in units (1) and 
(2) are shown in oscillograms (a), Figs. 14H and 14F, 
respectively. The final speed of the system is not the 
same as the initial speed, and the variation of speed in 
units (1) and (2) are shown in oscillograms (b), Figs. 
14m and 14F, respectively. 

Case 5. Fig. 154 shows a system consisting of an 
induction-motor and a shunt-motor-driven synchronous 
generator connected to the same bus. Fig. 15B shows 
variation of induction motor slip and synchronous 
generator torque consequent to’ suddenly applying 
full load to the induction motor. The constants shown 
in Fig. 154 were used in this test. The curves shown in 
Fig. 15B indicate that the disturbance was slightly 
oscillatory. To make this more pronounced, the os- 
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cillograms in Fig. 15c were taken for an induction motor 
which would carry full load at 1% of one per cent slip. 
For this condition, R., in the equivalent circuit, was 
changed to 280 ohms. Oscillogram (b), Fig. 15c, 
shows the speed of the synchronous generator rotor with 
respect to its terminal voltage and oscillogram (a) 
shows the torque of the synchronous generator. In 
this case the disturbance was decidedly oscillatory, 
thus showing that the combination of an induction 
motor with a synchronous machine is not necessarily 
logarithmic. 
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and Dr. A. R. Stevenson, Jr., also the assistance of 
Messrs. K. C. Mobarry and L. M. Best, in making tests 
and preparing the data. 
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Appendix A 


(Suggested by Professor V. Karapetoff) 
CENTRIFUGAL GOVERNORS 
Due to the inertia and sluggishness of the centrifugal 
governors controlling the prime movers—especially the 
water-wheels—additional periodic forces may be called 
into play in the hunting machines, which sometimes 
ageravate the conditions. For small changes in posi- 
tion, a governor may be assumed to add an input of 
steam or water proportional to the departure of its 
actual position from that corresponding to the steady 
load. Thus, calling this departure x, Arnold’s’ equa- 
tion for a synchronous machine with an applied torque 
becomes 
(J/p) Qn (dw/dt) + W.(9— On) + Walw — w,) = Ge (1) 
where G is a coefficient of proportionality equal to 
additional power per unit length of governor displace- 
ment®. Since the moving part of the governor has some 
inertia and is subjected both to a restoring force and to 
friction, its equation of motion is of the form 
L,(a’x/d #) + r,(dx/d t) + sx = row (2) 
In this expression, L, is the mass of the moving part, 


Fic. 16—EQuiIvALENT CIRCUIT FOR CENTRIFUGAL GOVERNOR 


r, the friction factor, and S, the restoring force per unit 
displacement. The right-hand side represents the 
external force, that is, the action of the generating unit, 
and may be assumed to be proportional to the deviation 
w of its instantaneous angular velocity from the mean 
angular velocity wn; 1% is a coefficient of proportion- 
ality. Eq. (2) is identical with Arnold’s eq. (289) on 
p. 410, except that his x represents the total travel of the 
governor body from the position of zero speed, so that 
the departure from the mean operating position is 
denoted by x — 2%. The same applies to his value of w. 
Eqs. (1) and (2) are simultaneous differential equa- 
tions of a generating unit which is hunting and the 
governor of which is also slowly oscillating. Both 
equations are of the general type 
d to 
dt 


and can be represented by two coupled, equivalent, 


7. Die Wechselstromtechnik, Vol. 4, Second Edition, page, 381. 
8. Die Wechselstromtechnik, Vol. 4, Second Edition pp. 415 
and 418. 
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electric circuits, Fig. 16. This equation is the familiar 
expression for Kirchoff’s second law in a network around 
a closed loop containing an inductance L, an elas- 
tance S®,a resistancer,and an externalapplied e. m. f. E. 
It must be kept in mind, of course, that in eq. (2), x 
corresponds to the electric charge q, and that, therefore, 
the current in the equivalent circuit of the governor is 
equal to (dx/dt). The energy transformations in the 
governor itself are small as compared to those in the 
alternator, and the governor acts merely as a relay— 
controlling energy input into the prime mover. There- 
fore, in the equivalent electric circuit the storage bat- 
tery H is shown, the energy of which may be added at 
will between the points P and q, which correspond to the 
disturbing e.m.f. e, in Fig. 6c. An amplifier, V, is 
connected with its input side in the governor circuit and 
the output side in the alternator circuit. 

In eq. (1), the term G x on the right-hand side repre- 
sents the voltage between the points P and gq, pro- 
portional to the instantaneous displacement of electric- 
ity, x, in the governor circuit. For this reason, the in- 
put leads to the amplifier are shown connected across 
part of the condenser S,. The elastance of this part is 
so chosen, that the voltage across it, when properly 
amplified, will give the required voltage, G, on the out- 
put side. 

In eq. (2), the right-hand side represents the drop of 
voltage due to the current w through a resistance ro. 
This resistance is shown connected between the points 
s and ¢ of the.inductance branch of the main circuit. 
Since the currents and the voltages in the governor cir- 
cuit are much smaller than those in the main generator 
circuit, the resistance 7 is of the nature of an ammeter 
shunt. This means that the voltage drop across st 
is small in comparison with that across A B, and the 
current d x/dt is small in comparison with w. 

Since the main circuit in Fig. 16 is practically identical 
with that shown for the individual unit in Fig. 6c, the 
other connections as shown in Fig. 6c still hold true 
when some or all of the machines in parallel are con- 
trolled by centrifugal governors. 

When the action of the gate, controlled by a centrifu- 
gal governor, causes a surging motion of the whole 
column of intake water, the inertia of this column and 
the elastance of the surge tank may have to be taken 
into consideration. This can be done by including in 
the circuit of the battery H, Fig. 16, some inductance, 
resistance, and elastance, connected somewhat as in 
the equivalent circuit of the generator itself. 


Appendix B° 
CONVERSION FACTORS FOR REDUCING QUANTITIES 
TO THE BASIS OF A TWO-POLE MACHINE 
Since power systems, in general, are comprised of 
multipolar machines having unequal numbers of poles, 
the relation between mechanical and electrical speeds 


9. An elastance is a reciprocal of a capacitance; see V. 
Karapetoff, ‘‘The Electrie Circuit,’ page 148. 
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‘for the various units is not uniform. For the sake of 
uniformity and convenience in numerical examples, 
it is advantageous to substitute for the respective units 
an equivalent two-pole machine. 
electrical speed of the system then becomes identical 
with the synchronous mechanical speeds of the various 
units. 

If p is the number of poles of any given unit, the speed 
of the equivalent two-pole machine must be p/2 times 
as great since the the electrical speed or frequency must 
remain the same. 

Also since torque is inversely proportional to speed 
for a given power, the torque of the equivalent two- 
pole machine will always be 2/p times the torque of the 
actual machine. 

Since the speed for the two-pole unit is p/2 times as 
great as the actual mechanical speed, it is evident that 
the acceleration for the equivalent machine will also be 
p/2 times as great as the actual mechanical accelera- 
tion. Now in general, the torque consumed in ac- 


celerationis 7’ = Ta. 
Or, 


where J is the moment of inertia and a is the acceleration 
produced by the torque 7. The conversion factor for I 
is then evidently the ratio of the factor for torque to the 
factor for acceleration, or 4//p°. 

The mechanical angle traveled through in a given 
time will be proportional to the speed or p/2 timesas great 
in the equivalent two-polemachine as for the actual unit. 

Let P, be the power required to produce a displace- 
ment of one electrical radian in the synchronous ma- 
chine. Since the conversion factors are to reduce all 
quantities to the basis of a two-pole machine, and P, is 
already expressed in these terms, the factor for it is unity. 

Following the foregoing reasoning, the factor for 
converting the actual resilience constant 


Mechanical displacement 


as torque required to produce it 


to a two-pole basis, is p?/4. 

Likewise the factor for converting the damping con- 
stant 3u, 1s 4/p?. 

The conversion factors are tabulated in Table IV. 


TABLE IV 
Quantity for 


Quantity for Actual Conversion Equivalent Two- 
Machine x Factor = Pole Machine 

Mechanical torque 3 2/p 
Mechanical angle 0 p/2 
Moment of inertia I 4/p? 
Mechanical resilience 

constant Oy pls 
Mechanical damping 

constant Bs 5 4/p? 
Mechanieal angular 

velocity Om p/2 


Kw. per elec. radian Pp 1 


OSCILLOGRAPHIC SOLUTION OF ELECTROMECHANICAL SYSTEMS 


The synchronous 


Discussion 


R. E. Doherty: Anyone who has wrestled with differential 
equations in attempting to solve those of higher order must 
certainly be impressed with the possibility of having an electric 
circuit solve them and an oscillograph plot the solution. This is 
precisely what Mr. Nickle’s scheme does. 

The extent to which it has been developed in this paper is, 
in my opinion, only a beginning, touching as it does only those 
cases in which the phenomena can be represented by circuit 
elements which are constant. However, the scheme is not 
limited to such cases. The method is perfectly general and 
applicable to any problems for which circuit elements of proper 
characteristics are available. 

Regarding its present possible application to problems involv- 
ing constant circuit elements, it should not be inferred from the 
paper that it is applicable only to problems of power transmission; 
rather, it applies to many other problems involving mechanical 
oscillation, for instance, the flywheel problem of synchronous 
machines connected to reciprocating apparatus, short-circuit 
forees in busbars, ete. Such problems are beautifully solved by 
this method. 

I wish to eall attention, also, to its educational value in drawing 
out the parallel between various physical phenomena. In this, 
it is of great value and I commend it to the attention of educators. 


R. D. Evans: In regard to the application of Mr. Nickle’s 
work to the solution of the problems which are facing the industry 
at the present time—such as the stability problem-——there are a 
number of points which I would like to discuss. The method 
as described in the paper is of limited application in the study of 
stability, for the reason that the fundamental assumptions 
involve power relations proportional to the angle of phase differ- 
ence between e. m. f.’s instead of a trigonometric function of the 
angle. Stability is of importance in the vicinity of the limit, 
and for this condition the assumption that the power is directly 
proportional to the angle is entirely too crude for practical 
application. 

The method deseribed by Mr. Nickle has application in the 
determination of the hunting condition rather than for the sta- 
bility condition where pull-out may occur. For the condition of 
hunting, the power changes in almost direct proportion to the 
angle, and the approximation that the power is directly propor- 
tional to the angle is sufficiently accurate for the purpose. 

It is possible that Mr. Nickle’s methods may be extended, not 
to solve the stability problem as a whole, but to solve a particular 
part. For example, it may be possible that his method may be 
applied to the receiving network of a transmission system in 
order to find a simple equivalent. Such a possibility seems 
likely because the power limits of the individual parts of the 
receiving network are relatively high in comparison with the 
power limits of the transmission network. Consequently the 
phase difference is small and the approximation assumed in this 
paper is sufficiently good for the purpose. Having found a 
simple equivalent of a receiving network, the problem of deter- 
mining the stability would be much simplified and could be 
handled analytically from this point. 

We have been working along the same general lines, but in a 
somewhat different manner. Instead of converting the electro- 
mechanical transients to an electrical transient, we have sought 
to convert the electro-mechanical transients to a transient of a 
mechanical system. One of my associates, Mr. Griscom, has 
investigated a mechanical system which avoids the limitation 
in Mr. Nickle’s paper, due to the power being proportional to the 
angle of phase difference. Mr. Griscom was able to represent the 
trigometrie function accurately. In the original form of the 
method, there were limitations due to the inability to represent 
losses with absolute accuracy. 

These comments are made merely to point out the limita- 
tions in the method so far developed and described, and with the 
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hope of stimulating further work along these lines, for the electro- 
mechanical problem which Mr. Nickle has studied is one which in 
general cannot be solved analytically, but must involve either a 
solution of the type which Mr. Nickle has presented or involve a 
method of simplifying networks, so that the system, as a whole, 
will be sufficiently simple to handle analytically. 

C. A. Nickle: The differential equations for any electrical 
circuit are linear if the values of inductance, capacitance, and 
resistance remain constant. Evidently, such electrical circuits 
offer a rigorous solution for only those systems which may them- 
selves be represented by linear equations. 

The equations for a transmission system are not linear and 
henee the method cannot be used for values of power near the 
power limit. However, for values of power well below this limit, 
such a system may be represented for all practical purposes by 
linear differential equations and the equivalent-cireuit method 
may be used. In this way the effect of various types of disturb- 
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ances, such as dropping a generator, opening a line section, 
adding load, ete., may be studied. The relative severity of 
different types of disturbances, the effect of various physical 
constants on the behavior of the system, ete., may be investigated. 

It should be realized, however, that the investigation of power- 
transmission problems is only one of the many possible applica- 
tions of this method of solution. For instance, the sustained 
oscillation of synchronous machines connected to reciprocating 
apparatus may be easily and accurately determined by this 
method. 

As already emphasized, the use of constant values of induct- 
ance, capacitance, and resistance limits the method to 
systems represented by linear differential equations, but 
the use of circuit elements which vary in accordance with 
certain preseribed laws is quite within the range of possibility, 
thus making the method applicable to systems which are not 
linear. 


The Klydonograph and Its Application to Surge 
Investigation 


J: H. COX! 


Associate, A. I. E. E. 


Synopsis.—In the past few years the need of a device for recording 
voltage surges on transmission lines has been felt more and more. 
Realizing this need, J. F. Peters, in the fall of nineteen twenty-three, 
developed the klydonograph which utilizes the Litchtenberg figure to 
record the characteristics of transient voltages. The principle of the 
instrument and practical connections to a line are discussed. The 
results obtained in the field from four investigations are given. 


and 


J. W. LEGG: 


Associate, A. I. E. E. 


Parts II and IV describe the first experimental model of the 
klydonograph which uses a stationary glass photographic plate wm 
removable plateholders with a moving electrode, and the commercial 
type of klydonograph which uses a day-light loading roll film of 
sufficient length to last seven days. This latter model has three 


electrodes for connection to a three-phase line. 
* * * * 


I. PRINCIPLE AND CHARACTERISTICS 


INCE the beginning of high voltage transmission 
the question of the nature of transient voltages on 
transmission systems has been a troublesome prob- 

lem. Many troubles have been attributed to surges, 
but without positive evidence of their existence. How- 
ever, there is considerable evidence that transient over- 
voltages of short duration do exist.on transmission 
lines and information regarding them is very desirable. 
There has been developed a considerable amount of 
theory regarding these transients but very little veri- 
fication of this theory by test has been produced, due 
to the absence of a satisfactory means of measurement. 
Heretofore, the spark gap has been the principal means 
of measurement. It was found that the spark gap had 
considerable time lag when the voltage in excess of its 
flashover value was small. Other objections to the 
spark gap for the measurement of transients are well 
known. Various other devices that have been tried 
had practically the same objections; that is, they had 
time lag, were not graphic, indicated only one value, 
introduced hazards to the line or were excessively 
expensive. 

Principle. The klydonograph? was the successful 
culmination of the effort of J. F. Peters and his assist- 
ant, W. L. Teague, to develop a satisfactory surge 
recorder, one that would give a continuous graphic 
record of detailed information regarding magnitude, 
time of day, polarity, steepness of wave front, direction 
of travel, and whether or not the surge was oscillatory. 
In producing this instrument a phenomenon was 
utilized that has been known for a century and a half. 
In 1777, Dr. G. C. Lichtenberg first observed that when 
a condenser was discharged onto a terminal in contact 


1. Both of the Westinghouse Electric & Mfg. Co. 

2. The word ‘“‘Klydonograph” was suggested by Dr. Roscoe 
M. Ihrig of the Carnegie Institute of Technology. Itis derived 
from two Greek words ‘‘Kludon” and ‘‘Graphos.” Kludon 
means “‘billow’ or ‘‘wave,” and a related adjective means 
‘surging’ or ‘‘dashing.’’ Graphos means a writing. Thus 
the Klydonograph means an instrument for recording surges. 

The Klydonograph, J. F. Peters, Electrical World, April 19, 1924. 
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with a plate of insulating material such as ebonite 
between it and a grounded metallic plate, and particular 
kinds of powder, such as flour of sulphur, were 
sprinkled on the insulating plate, the powder would 
arrange itself about the position of the terminal in a 
distinctive and consistent manner. The powder could 
be applied either before of after the discharge. Figures 
thus formed are called Lichtenberg figures. 

Since the original observations, there has followed a 
long series of investigations on these figures. In 1888, 
J. Brown and E. Trouvelot discovered that these 
figures could be produced by replacing the insulating 
plate with a photographic plate, the emulsion being in 
contact with the terminal. The plate, of course, had 
to be kept in a dark box. The glass plate acted as the 
insulating material and the emulsion, when developed, 
replaced the dust. It was found that figures thus 
produced were more definite and clean cut than those 
produced by the use of dust. The most recent and 
most complete exposition of the Lichtenberg figures 
was that by P. O. Pederson of Copenhagen, Denmark, 
in a paper for “Det Kgl. Danske Videnskabernes 
Selskab, 1919.’ This paper carefully analyzes the 
characteristics of the figures and gives a number of 
curves of these characteristics. However, the curves 
are small, only indicate the general shape of the varia- 
tions, and are not suitable for calibration. The method 
used by Pederson was that developed by 8. Mikola in 
TOUT: 

Considerable investigation has been made, but with 
little success, to determine the nature of the phenomena 
that causes these figures. No attempt was made in the 
development of the klydonograph to explain the 
phenomena, but the work was confined to a study of the 
characteristics of the figures for their use in gaining 
information regarding surges. As far as was 
known, Lichtenberg figures had been used only in 


‘an academic way and never for the measurement of 


transients as such. 

The essential elements of the klydonograph are 
shown in Fig. 1. The form in which these were as- 
sembled for the laboratory work is shown in Fig. 2. 
This laboratory instrument had six terminals and took 
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a5 in. by 7 in. plate. It is not suitable for commercial 
work, as it isnot graphic. For this work, it was found 
that any plate of high photographic speed was satis- 
factory. No work was done using dust figures. 


_ Photo Plate 


SILISESTIIELTLT ELSES 


“Metal Plate 


Fie. 1—ELEMENTS OF THE KLYDONOGRAPH 
Characteristics. When a voltage above the critical 

voltage is impressed between A and B of Fig. 1, and the 

plate developed, a figure will be found surrounding the 


Fig. 2—LasoraTory KLYDONOGRAPH 


spot where the terminal has been in contact. The 
critical voltage is approximately 2.0 kv., below which, 
at atmospheric pressure, no figure is produced. The 


Fig. 3—Typicat WaAvEs: (a) ABrupT, (b) SLOPING, 


(c) ALTERNATING 


figures consist of branches, or lines, emanating uni- 
formly from the center. They maintain this form up 
to about 18 kv., when, in addition to the uniform 
branches, main trunks extend out from the center and 
in turn act as emission points for other branches. 
These trunks do not form in a consistent manner as do 
the branches. If the voltage is further increased a 
point will be reached where a visible spark will occur 
and the entire plate will become exposed. _ If the voltage 
impressed’ is unidirectional there will be a striking 
difference between the figures produced by positive and 
negative potentials. In the case of an oscillating 
voltage the two will be superimposed. By the figures 
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one may-also distinguish between an abrupt-front surge, 
such as indicated in Fig. 3A, and a tapered-front surge, 
as indicated in Fig. 3B. Figs. 4 and 5 show a positive 
and a negative surge, respectively, having a front as 
abrupt as could be produced by ordinary means in the 
laboratory. Figs. 6 and 7 show a positive and a nega- 


Fic. 4—PositTive SurGE, 


Asrurpr Front 


Fig. 5—Nb8GATIVE SURGE, 


AsRupt Front 


Fig. 6—Positive Sures, Five- 
MicrosEeconpD FRONT 


Fie. 7—NEGATIVE SURGE, 
Five-Microseconp Front 


Fic. 8—Posrtrtve SurGs, 200- 


MicrosEconp FRontT 


Fig. 9—NeEGATIVE SURGE, 
200-MicrosEconpd FRONT 


Fic.10—Positive Surcr,ABove Fie. 11—Neaative SurGs, 
Rance or INSTRUMENT ABovE RANGE OF INSTRUMENT 


tive surge, respectively, having a front of five micro- 
seconds; that is, it required five-millionths of a second 
to rise from zero to its maximum value. This corre- 
sponds to a traveling wave having a front of one mile 
on a transmission line. Figs. 8 and 9 show similar 
surges having fronts of 200 microseconds or 40 miles. 
Distinct differences in the figures formed by these three 
lengths of wave front can be noticed. - Figs. 10 and 11 
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show a positive and a negative surge that were above 
the range of the instrument. Fig. 12 shows a figure 
produced by an alternating potential such as in Fig. 3c. 

The paper by P. O. Pederson goes into considerable 
detail regarding the make-up of the figures and their 
variations due to differences in plate thickness and 
pressure of surroundinggas. Inthisdevelopment, these 


Fig. 12—ALTERNATING VOLTAGE 


phases were investigated only to the extent of deter- 
mining that the figures were practically constant within 
the range of atmospheric pressure in air and of thick- 


Fig.13—Positive Figures, 30 Fie. 14—Neaative Figures, 
Srconps BETWEEN SurRGES 30 SEcoNDS BETWEEN SURGES 


nesses of commercial photographic plates. Further 
special tests were made and it was found that, so far 
as could be detected, the figures were identical whether 


Fig. Fic. 16—NeGative Figures, 
TERMINAL Movep Br- 


TWEEN SURGES 


15—Positive Figures, 
TERMINAL Movep BETWEEN 
SURGES 


produced in fairly dry or in saturated air, and whether 
the plates were developed immediately or after a lapse 
of several days. According to Dr. Pederson, in order 
to form a figure the voltage must be impulsive so 
as to produce an intense field on the surface of the plate. 
It was found that a 25-cycle wave would produce a figure 
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of the same size as a wave of short front. However, 
if a d-c. potential was gradually applied, the figure 
produced was peculiar in shape and did not confrom 
to the calibration curve in size. 

Tests were made to determine whether or not one 
application affected the plate to succeeding applica- 
tions. The rays or branches of a single figure never 
cross. It was suggested that if one surge were recorded 
and a comparatively short time later another surge 
appeared, the figures might not overlap and the second 
surge would make no impression. Tests were made 


— Surge Generator 


Fie. 17—Netrwork Usep 1n LABORATORY 

which proved that one impression has no effect on 
succeeding records. If two surges are impressed 
simultaneously on adjacent terminals, the figures will 
not overlap. If a surge is applied on the position of a 
previous surge it superimposes its figure exactly as if 
there had been no previous figure and the rays of the 
two figures cross each other promiscuously.. In this 
manner a succession of figures merely increases the 
density and with a large number the spot becomes 
black. This is what happens in an a-c. figure. Figs. 
13 and 14 show positive and negative surges, respect- 
ively, where one surge was impressed and a few 
seconds later a surge was impressed on the adjacent 
terminal. Figs. 15 and 16 show similar surges where 
there was a similar interval and each terminal was in 
contact with the plate only when the surge was im- 


MAGNITUDE 


Wve SS 
Fiqg. 18—Typicat SurgE Propucep spy Network or Fie. 17 
pressed. Further, the size of each succeeding figure 
was determined only by the applied voltage. This was 
checked by applying surges of equal values a various 
number oi times, one to six, on the six terminals of 
the instrument. The figures were of the same size 
and only differed in intensity. 

Calibration. Fig. 17 shows the network used in the 
laboratory as a surge generator in the development of 
the klydonograph. Fig. 18 shows the shape of a typical 
surge as calculated from the constants of the network. 
By varying the constants of the network a surge of any 
desired wave shape could be produced. It was found 
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to be no easy matier to obtam surges of the desired 
characteristics. The greatest trouble was encountered 
with the reflections of the initial traveling wave. 
Before the condenser, ¢3, at the end of the network, was 
added, when the sphere-gap sparked over a wave 
would proceed out through the series inductance and 
when it hit the klydonograph it would reflect with 
increased voltage. The klydonograph itself forms a 
small condenser so an oscillation would be set up in 
the circuit. The klydonograph would record these 
oscillations. Further, due to the reflection the klydono- 
graph would record a higher voltage than the setting 
of the spark-gap. By placing the condenser c3 in 
parallel with the klydonograph the initial wave would 
be absorbed. This would be reflected but in this case 
since the surges were tapered, it did no harm and would 
join with the principal part of the surge in bringing the 
voltage up to the proper value. However, it was found 
necessary to place resistance R; in series with the 
klydonograph to critically damp the loop consisting of 
leads, klydonograph and c; to prevent small reflections 
at the plate. This did not disturb results as a non- 
inductive resistance was used and the voltage drop was 
negligible since the current was very small. It was 
interesting to notice that a sphere-gap would not indi- 
cate these reflections but the klydonograph would. 
To obtain the desired setting the klydonograph was 
removed and gap gs» inserted and set at the desired 
voltage. Gap g; was then varied until g. would just 
spark over at the breakdown of g;. Gap g2 was then 
replaced by the klydonograph, and leaving g; as set, a 
series of figures were made. 

The diameter of the figure is a measure of the magni- 
tude of the surge. Positive and negative surges have 
quite different calibrations, a positive figure being 
considerably larger for the same voltage. Since the 
positive is the larger, the a-c. calibration is the same as 
the positive. All the work for the calibration curves 
was done with five-microsecond’and 200-microsecond 
surges. Tests were made which indicated that for a 
surge with a front as long as 5 microseconds the time 
lag of the measuring sphere-gap was negligible. In 
addition to this, the characteristics of the surge genera- 
tor used gave a surge with a comparatively flat top. It 
was found that the calibration was the same for uni- 
directional surges of both these wave fronts of each 
polarity as well as for a 60-cycle and a 25-cycle a-c. 
wave. It was realized that even with no coil inserted, 
the inductance of the leads and the time lag of a sphere- 
gap would give a slight taper to the wave. The 
figures shown as abrupt-front surges were as abrupt as 
could be made with ordinary methods. They were 
made with no inductance between the spark-gap and 
klydonograph except that of a short lead. It takes 
a certain time for a sphere-gap to break down and 
become highly conductive, so it was felt that surges 
thus produced could not be called absolutely abrupt 
nor be depended upon to be of the same degree of 
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steepness. They were, therefore, not used in calibration 
work. 

It was found in calibrating that the radius of a figure 
made at a setting of the generator would vary as much 
as 20 per cent from the average reading of the same 
value but most of them were within 10 per cent of the 
average. This would not seem to be very accurate at 
first glance, but it is maintained that the variation was 
impressed in the voltage due to inaccurate setting of 
the spark-gap and inaccuracies in the method used, and 
not in the figure made by the klydonograph at a given 
voltage. The network would be set for a given voltage 
and condition of surge. The voltage was tested in the 
position of the klydonograph by a sphere-gap. A 
series of pictures would then be taken and the network 
changed to some other value. The curves were made 
up from the results of a great many settings for a given 
value. These settings were made on different days 
over months and it is impossible to duplicatesuch a set- 
up with exactness. The basis for attributing the error 
to set-up rather than klydonograph is the fact that 
for a single setting the variation between the figures was 
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(a) Surge GENERATOR (b) Two-TERMINAL KiyYDONOGRAPH 


exceedingly small. To test this quality further, surges 
were thrown on six leads connected to the six terminals 
of the test instrument, simultaneously, and in practi- 
cally every case there were no variations that could be 
measured. In the few cases where there were measur- 
able variations, these variations were very slight. | 
Rapidity. Since surges may be of extremely short 
duration it was highly important that the klydonograph 
be a rapid instrument. Many tests were made to 
determine the speed of formation of the figures. The 
diagram of the set-up used to obtain these data is shown 
in Fig. 19. This merely consisted of a circuit which 
discharged a condenser through a sphere-gap into two 
open-wire lines which were shunted to ground by 
a high resistance. The lines A and X were connected 
at the far end to a special klydonograph having two 
3%-in. terminals in contact with the plate at a short 
distance apart. The time lag of the sphere-gap 
used to discharge the condenser played no part as the 
data obtained was of conditions after the gap had 
broken down. When the sphere-gap broke down a 
surge was impressed on the two lines simultaneously, 
and would proceed as a traveling wave at approxi- 
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mately the speed of light. If the lines were of equal 
length, the wave would arrive at the ends at the same 
time. Figs. 20 and 21 show positive and negative 
figures, respectively, made with equal length lines. 
The division line between the two figures was distinct 
and its action positive in that its position was con- 
sistent with repeated trials. Tests were then made 
having one line longer than the other. Figs. 22, 23, 
and 24 show surges impressed on unequal lines. Fig. 
22 is for a positive surge with A = 30 ft. and X = 50 
ft. From the rate of propagation of a surge on an aerial 
line this difference of 20 ft. represents a time interval 
of 2 by 10-8, or twenty billionths of asecond. Itistobe 
noticed that the surge from the shorter line took posses- 
sion of more than one-half the space between the figures. 
Fig. 23 is for a positive surge with A = 50 ft. and 
X = 140 ft. This difference of 90 ft. corresponded 
to a difference in time of the arrival of the wave at the 
instrument of 9 by 10-8 seconds or ninety billionths 
of asecond. It is noted here that A is practically fully 
developed when the wave arrived at X, so that the 
figure became nearly complete in ninety billionths of a 
second. Tests were made varying the difference in 


Fie. 20—Posirive Figures Impressed Over HauaL LInEs 


A=X 


line lengths and the speed of the figures was found to 
be consistent: Fig. 24 is for a negative surge with 
A = 380 ft., X = 60 ft. The negative figures were 
found to be the slower by about five times. This is 
evident from a comparison of Figs. 22 and 24. How- 
ever, either is amply rapid for the purpose of recording 
practical surges. 

It was interesting to note the evidence of the tapering 
of the wave front as it traveled down the line even in 
such short distances as 100 ft. Fig. 20’shows the two 
figures made with lines of equal length to be identical 
in form. On the other hand, Fig. 23 shows the figure 
produced at the end of the longer line as indicating, by 
its form, a longer wave-front than the other. 

Since it takes time for a spark-gap to spark over and 
become highly conductive, the surges were somewhat 
tapered, and if the lines were short the reflection of the 
foot of the wave would return from the shorter line and 
disturb results. In fact this would sometimes cause the 
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figure to form on the more distant terminal first. 
Therefore, the lines had to be long enough so that the 
complete wave would arrive before the reflected wave 
of the shorter line disturbed the principal wave. When 
a wave strikes the open end of a line, it theoretically 
doubles. The voltage was found to increase at the end 
of the line but did not double in value except where the 
line was of considerable length. Lines could not be 
made long enough so that the entire wave front could 


FIGURES 


22—PosItTIvE 

IMPRESSED OveR UNEQUAL 
LINES 

A= 30 pee 15() 


Fig. 21—Necative Figures Fie. 
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start before the reflected foot of the wave would return 
and complicate the wave. In order to cut down this 
reflection as much as possible, a resistance equal to the 
surge impedance of the line was placed in parallel with 
the klydonograph. This was found to absorb the wave 
with practically no reflection and the true surge would 
be recorded with no increase in voltage. Before this 
grounding impedance was added, it was interesting 
to note that a sphere-gap at the end of the line, while it 
indicated a rise in voltage would not indicate the full 


Fig. 23—Posittve Figures Fie. 24—Nueative Ficures 
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value of the reflection as recorded on the klydonograph. 


In the case of a long line, the klydonograph indicated 


practically double voltage. 

Extensive tests were made by Pederson to measure 
the speed of formation of the figures, that is, the rate 
at which the figures grow from the center outwards. 
This he found to vary somewhat with the distance 
from the center and with the voltage, but to remain of 
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the same order of magnitude. He gives the following 
values: 
Speed at 8 ky. positive — 4 by 10’ cm. per sec. 
« 8ky. negative— 1 by 10’ cm. per sec. 
« © 15 kv. positive —6.5 by 107 cm. per sec. 
« 15 kv. negative—2.8 by 107 cm. per sec. 
Special Applications. The Lichtenberg figure 
promises, in addition to its use in surge investigation 
on transmission systems, to be a valuable aid. in special 
tests both in the laboratory and field. It can be used 
in the measurement of exceedingly small time intervals 


Fig. 25—SyncHronous KiyDONOGRAPH 

wherever a capacity of the order of 10-" farads is 
negligible and the voltage is above 2.5 kv. Some work 
has been done by P. O. Pederson on the time lag of a 
spark-gap. There has not been time, since the develop- 
ment of the klydonograph, for much special investi- 
gation, using it as an instrument. Fig. 25 shows a 


Fie. 26—Ficgure Propucep spy SYNCHRONOUS KLYDONOGRAPH 


synchronous klydonograph which was developed for the 
purpose of separating the positive and negative figures 
of an a-c. wave. Fig. 26 shows a typical picture pro- 
duced by a 60-cycle wave. 

Electrostatic Potentiometer. To be applicable to trans- 
mission systems in general the instrument must have 
a wide range of voltage. The range of the instrument 
itself is from 2.5 kv. to 18 kv. ~ Since the instrument 
is an exceedingly low current device, it can be con- 
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nected by means of an electrostatic potentiometer to 
lines of practically any voltage without introducing an 
insulation hazard. An electromagnetic multiplier is, 
of course, out of the question, since there must be no 
time lag. Fig.-27 shows a satisfactory method of 
connecting the klydonograph to a line. The lower 
ring in this set-up will maintain at all times the same 


LINE 


Fie. 27—Dziacram or Evecrrostatic PoTENTIOMETER 
proportion of the potentialontheupperring. Aklydon- 
ograph connected in this manner will record figures 
giving the magnitude and polarity of the surges. 

A gap in series with the instrument may be included 
as shown, or left out as desired. If included there will 
be no record except in case of a surge the voltage of 
which is in the same ratio to normal as the setting of 
the gap is to the normal voltage on the lower ring. If 
no gap is used, there will bea uniform band on the plate 
corresponding in width to the diameter of the positive 
figure at the normal voltage on the lower ring. A 
surge figure will then be superimposed on this band. 
The width of the band will also indicate wide variation 
in line voltage. Whether or not the instrument is 
operated with a series-gap, the potentiometer must be 
calibrated with the gap closed. The reason for this 
is that the capacity of the instrument, while small, 
cannot be ignored in comparison with that of a practical 
low potential ring. The voltage on the lower ring 
after the gap breaks down is not the same as before 
since there is a division of charge. 


LINE 


Fie. 


28—D1acraM ON ANTENNA 


Antenna. While some idea of the steepness of wave 
front can be gained from the appearance of the figures 
obtained on the potentiometer instruments, this is 
extremely approximate. Fig. 28 shows a means of 
connection that will give the steepness of wave front 
more accurately. This consists of running a wire 
parallel to the transmission-line conductors as close 
as is consistent with the insulation requirements, 
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grounding one end solidly and the other end through a 
high impedance. The klydonograph is connected 
across this impedance and if the impedance is high 
compared to the impedance of the antenna loop itself, 
the klydonograph will measure any voltage above 2.5 
kv. which may be induced in the loop. This antenna 
loop will have a certain mutual inductance in relation 
to the various conductors of the transmission line. 
At a given distance the length is varied to give the 
desired amount. The voltage induced in the antenna 
loop will be proportional to di/dt on the transmission 
line; that is, it is proportional to the steepness of the 
current wave. Under traveling wave conditions the 
current and voltage waves are absolutely inseparable. 
The current is always equal to the voltage divided by 
the surge impedance of the line and the wave shape is 
the same. Therefore, the steepness of the voltage 
wave front d V/dt can be calculated by the relation 


Zo 
dV/dt = um? where 
v = Voltage induced in antenna loop 
M = Mutual inductance between loop and line 
conductor 


Z, = Surge impedance of line conductor calculated 
with respect to the ground 

By a comparison of the polarity of simultaneous 

readings on the klydonograph connected to the line 

through the electrostatic potentiometers and that con- 


nected on the antenna, the direction of travel can be — 


determined. That is, a surge of a particular polarity 
will induce a potential of one polarity in the antenna 
if traveling in one direction, and of the opposite polarity 
if traveling in the other direction. The direction is 
readily determined from an examination of the con- 
nections. Thus, magnitude and polarity are obtained 
directly from the potentiometer klydonographs, steep- 
ness of wave front from the antenna klydonograph, and 
the direction of travel from a comparison of the polarity 
of the two. 


II. PRELIMINARY FIELD MODEL, PLATE TYPE 


A time component must be added to the camera al- 
ready described before the same is effective in obtain- 
ing data on disturbances in transmission systems. To 
obtain a time component, the electrode must move 
relative to the plate or photographic film. Either the 
plate may move and the electrode remain at rest, or the 
electrode may move while the plate remains at rest. 
Each of these two cases has its advantages and its 
disadvantages. If the plate is the moving element, 
the electrode capacity to ground may be kept a mini- 
mum, but the case must be large enough to clear the 
carriage of the moving plate. The apparatus as a whole 


is cumbersome and is not readily loaded without taking - 


a large part of it into a dark room. 
Stationary Plate. The first field model, Fig. 29, 
was made with a stationary plate in a removable 
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holder, enclosed within the same light-tight cabinet 
with the clock-driven electrode. The holder was of the 
single-plate type having a stiff, metal bottom. Above 
this metal bottom was a sheet of soft felt, cut away at 
the center so as to press a very thin disk of hard-sheet- 
metal against the under surface of the active part of the 
photographic plate. The metal disk was grounded 
through the plate holder bottom, and did not extend 
to the edges of the photographic plate. Thus, a 
uniform capacity was assured, and sufficient insulation 
between the electrode and ground. A number of these 
removable plate-holders were provided for each recorder. 

Clock Driven Electrode. A one-day clock was used 
in most recorders, driving the electrode in a 7-in. 
circle, one revolution in 24 hours. A few instruments 
were equipped with 7-day clocks making one revolution 
in 168 hours. The electrode was mounted vertically 
near the edge of a light disk of insulating material, 
having a wire-collector ring on its periphery. The 
lead-in terminal, passing through an insulating bushing 


29—PuatE-Typze KiyponoGraPH, SHOWING RovraTina 
ELECTRODE AND Hour CIRCLE 


Fi@. 


in the case, had a brush on the bottom end which bore 
on the collector and thus carried the potential to be 
measured to the electrode proper. This electrode was 
free to move up and down and pressed on the sensitive 
side of the photographic plate with its own weight only. 

Time Locating Device. In order that the time at 
which each surge occurred might be known by a glance 
at the finished photographic plate, a photographic 
template was prepared with opaque background and 
transparent dial and figures. All klydonograph plates 
were exposed to light with this template over them, so 
that when the plate was developed a circular scale, 
marked in 24 hours with “MIDNIGHT” at top and 
“Noon” at bottom, appeared. An hour circle on 
the electrode disk was also graduated into 24 hours. 
If this was set correctly before starting the test, by 
slipping the friction clutch on the clock shaft until the 
figures on the disk corresponded to true time, the 
klydonograph figures would appear after development 
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in their proper time relation with the scale on the plate. 
The instrument was inverted to set the electrode 
disk through a large hole in bottom of the case, and 
before turning the instrument right side up the plate 
holder was inserted. The removal of the rubber slide 
from the plate holder permitted the electrode to drop 
to the sensitive surface of the photographic plate, and 
thus be in condition to take a klydonogram. After 
a 24-hour test, the instrument was again inverted, the 
rubber slide replaced, and the plate holder removed. 


Ill. FIreLD EXPERIENCE 


Instrument. Since the film-type instrument has only 
now been made available, all the field work has been 


Fig. 30—30-Ky. E.ecrrostatic PoTENTIOMETER 


done using the moving electrode, plate-type of klydon- 
ograph. With the electrode speed of this instrument, 
the time of a record could not be distinguished to a 
greater accuracy than 15 min. No practical attach- 


Fie. 31—140-Ky. ELectrrostratic PoTrENTIOMETER 


ment could be made with this type of instrument to 
speed up the electrode. Besides, this would have 
required changing of plates more frequently than once 
a day which would have unduly increased the expense 
of material and labor. When an operation is per- 
formed on a line requiring several switches to be thrown 
at various points, these are often thrown at intervals 
of a minute or so. Where a figure was recorded at the 
time of such a performance it was impossible to assign 
any particular operation as the cause. In order to 
obtain more concrete information as to the causes of 
surges, arrangements were made to have switches 
thrown at 15 min. intervals, when an operation was 
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required, for certain periods during tests. During 
such periods much more satisfactory information was 
obtained as to the causes and actions of the surges 
recorded. 

Potentiometers. Fig. 30 shows the potentiometer 
rings which were used on the 26,400-volt system. It 
was found that a 30-in. ring of 2-in. iron pipe, mounted 
as shown, was satisfactory on this class of voltage. 
The high potential element was mounted about 30 
in. above the ground plate. The lower ring was placed 
at such a height that it had a potential of 3-kv. crest 
with normal voltage on the upper ring. This proved 
to be about 15 in. above the ground plate. For the 
higher values of voltage, the high potential element was 
raised and the ratio of distances changed to fulfill both 
the insulation and calibration requirements. Thus, to 
keep the proportions reasonable and a more uniform 
field, the sizes of the rings were increased with the 
voltage. Six- to eight-feet rings were used on the 
higher voltage lines. Fig. 31 shows the set-up used 
on the 140-kv. line and Fig. 32 shows the set-up used 
on the 220-kv. line. The height of the upper ring was 
between 8 and 12 ft. from the ground plate and the 
lower ring about 15 in., as before, to give 3-kv. crest 
with normal voltage on the upper ring. 


Fie. 32—220-Ky. Ex.ecrrosratic PoTENTIOMETER 

In order to make the position of the ground beneath 
the rings constant, the rings were mounted on a metallic 
sheet consisting of either sheet iron or close-woven 
mesh. This ground plate was made large enough to 
extend about a foot beyond the outside circumference 
of the rings and solidly grounded. 

An alternate form of potentiometer, shown in Fig. 
33, was found feasible on the 220-kv. test and was used 
at three of the stations. The station busses on this 
system consisted of 4-in. iron pipes mounted parallel 
to, and 12 ft. from, the ground. A 10-ft. length of 3-in. 
iron pipe was mounted on insulators parallel to the bus 
at the proper distance above the ground plate, which 
was a 10- by 9-ft. plate of sheet iron lying on the 
ground and tied solidly to the station ground. This 
form of potentiometer has certain disadvantages which 
will be pointed out later. ; 

‘The potentiometers were calibrated by measuring the 
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voltage on the lower ring with a 3¢-in. sphere-gap with 
normal voltage on the upper ring. When no series-gap 
is used, this calibration can be roughly checked by the 
width of the normal voltage line on the plate. With 
the potentiometer set to give 3-kv. crest with normal 
line voltage, the upper limit of the instrument, or 18-kv. 
crest, permits the measurement of a surge of six times 
normal voltage and the recording of a surge eight times 
normal before the instrument will spark over. 


Fie. 33—220-Kv. Bus Tyre PoTeNTIOMETER 

At first some difficulty was experienced as a result of 
calibrating the potentiometers with the series-gap open. 
It was found that when a surge just high enough to 
break down the gap occurred, the figure on the plate 
indicated a somewhat lower voltage than the gap 
setting. The instrument itself had approximately 
25 by 10-”-farads capacity. By voltage tests with and 
without a series-gap the capacity of the lower poten- 
tiometer element to ground, in the case of the bus type, 
was about 125 by 10-”-farads. Thus, there was a 
reduction of voltage on the klydonograph bus of about 


Fig. 34—Sncrion or Pirate WITHOUT SERIES Gap. OSCILLA- 


TORY SURGE 


20 per cent upon breakdown of the gap. This error 
was eliminated by doing all calibration of the potentio- 
meter with the instrument in place and the series-gap 
closed. It was also found that due to the capacities 
of the various elements in series it took a voltage 15 
per cent above the setting of the gap to spark it over. 
This merely altered the lower limit at which the instru- 
ment began to record and could be taken care of by 


changing the gap setting. On two of the tests the 
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series-gap was used and on the other two it was not. 
When no gap is used the smaller negative records are 
obscured by the band of normal positive figures. 
However, these are not important since a negative 
surge large enough to cause concern would show itself 
above this band. To operate without a series-gap gives 
a continuous check on the calibration of the potentio- 
meters, a check on wide variations of the line voltage, 
and indicates a static potential on the line where this 
occurs. Fig. 34 is a section of a plate taken with the 
klydonograph operating without a series-gap. The 
surge shown indicates an oscillating surge. Fig.. 35 
is a section of a plate where a series-gap was used. The 
surge shown indicates a positive surge. 

It was found that on a polyphase set-up the poten- 
tiometers must be set at some distances apart to pre- 
vent mutual effects between them. This presents no 
particular difficulty when rings are used as these can 
generally be placed at intervals along the line.. In the 
case of the bus-type potentiometer, the separation of 
the station busses being fixed, this effect cannot be 
avoided. This makes the latter type a less accurate 


Fig. 35—Sxcrion or PuatTEe witH Series Gap. POSITIVE 
SURGE 
set-up. It was found that in a particular case, where 


the height above ground was 12 ft. and the separation 
was 12 ft., one bus would affect the pipe of an adjacent 
bus to an extent of about 30 per cent. It was assumed 
in general that, except in the case of a lightning surge, 
a surge was unlikely to occur on two phases simultane- 
ously and that, therefore, the calibration was correct 
when made with the adjacent busses dead. 

In situations where the potentiometers were out in 
the weather, it was found to be imperative for all 
metallic parts to be painted. When this was neglected, 
the rust, running down on the supporting insulators, 
would create leakage and drop the potential on the 
lower ring to very low values. 

Antenna. It was found that where the transmission 
line had a ground wire, this was generally in sufficiently 
close proximity to the line to act as an antenna. By 
insulating the wire on one tower, extending it down 
and grounding it through a suitable resistance, the 
antenna loop was complete. This could be made 
as long as desired by insulating the wire from as many 
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towers adjacent to the end tower as necessary. Fig. 
36 shows an antenna set-up effected in this way. On 
lines where no ground wire was used, it was a simple 
matter to mount a wire on the transmission line poles 
or towers. 


The antenna loop had a definite mutual inductance 
with each conductor and could be calculated with fair 
accuracy. At a fixed separation this can be varied by 
changing the length of the loop. At a given value of 
mutual inductance, the range of the klydonograph 
permits only a given range of steepness of wave fronts 
to be recorded. Such a value of mutual inductance 
was chosen that the steepest of the wave fronts en- 
countered would not cause a flashover of the plate. 
A surge with a front too tapered to come within the 
range of the klydonograph with such a set-up was 
probably not abrupt enough to be serious. 

The value of the mutual inductance with the various 
conductors was found to vary about 25: per cent in 
practical cases due to their different positions. In 


Fig. 36—ANTENNA ConnEcTION on 220-Ky. Linz 


the case of an antenna record with a simultaneous 
potentiometer record on a particular phase, the mutual 
inductance with that phase was used in calculating 
dV/dt. Inthe case of a record caused by a.steep-front 
surge, too small in magnitude to be recorded by the 
potentiometers, an average value of mutual inductance 
was used. In the case of simultaneous waves on the 
three conductors, the effects add algebraically. It was 
assumed that, in general, surges on three conductors 
caused by a switching operation would not be simul- 
taneous when considering the propagation speed of 
electric waves. When the evidence indicated a light- 
ning surge, the sum of the three mutual inductances 
was used. 

Tests and Results. While up to the present writing 
there has not been time for as much field experience as 
could be desired, rather extensive tests have been made 
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on four systems representing a wide range of conditions 
of electric power transmission. 


a. ‘These tests were made on a 26,400-volt system 
consisting of connected cable and open wire. Ground- 
ing was varied between solid and 150-ohm resistance. 
One instrument was installed on one phase at a sub- 
station having cables extending in each direction and 
another instrument on the same phase on the open- 
wire line, 18 miles from the junction of cable to open- 
wire. The tests were continued 20 days. 


During this 20-day investigation 18 surges were 
recorded. The largest number in one day was three. 
All were obtained on the instrument on the open-wire 
line. A possible reason for this was the fact that the 
potentiometer was not painted for the greater part of 
the tests on the instrument recording no surges, with 
the resultant lowering of the calibration. Of these 
surges, seven were alternating, seven were positive, and 
four negative. As to magnitude of voltage, two were 
twice normal, six were 1.5 times normal,and ten were 
1.8 times normal or less. As to weather conditions, 
eight occurred in clear weather, seven during rain, two 
in cloudy weather, and one during an electric storm. 
Both surges twice normal came during rain and wind. 
As to attendant causes, the two surges twice normal 
were not caused by a switch operation but switches were 
tripped by the disturbances. The one surge during 
an electric storm was 1.3 times normal. Of the total, 
nine were caused by switching and one by lightning. 
No cause could be assigned to the remainder, of which 
three came in clear weather and five during rain. 


b. These tests were made on a 27,400-volt cable 
system. Only one instrument was installed at a pot 
head of a station with cables extending in both direc- 
tions. The system was solidly grounded at one point 
approximately 10 mi. from the klydonograph. The 
duration of the test was 104 days. 

During this investigation, 24 surges were recorded. 
One was 1.5 times normal, one was 1.4 times normal, and 
22 were 1.3 times normal or less. Nine occurred in rain 
and 15 on clear days. The probable cause of the surge 
1.5 times normal was a switch operation within three 
miles of the instrument. The 1.4 times normal surge 
occurred during switching operations. 


c. These tests were made on a 240-mile, 140-kv. 
open-wire line with a free neutral. Three instruments 
each on potentiometers were installed at the receiving 
end, 65.5 mi. and 193 mi. from the receiving end and at 
the sending end. One antenna instrument was in- 
stalled at the receiving end. The duration of these 
tests was 65 continuous days. 

During this investigation, 124 surges were recorded on 
the potentiometer instruments. Of these, 22 were at 
the sending end, eight at the second station, 27 at the 
third station, and 67 at the receiving end. Fifty-four 
of these were 1.4 times normal or above and were 
distributed according to Table No. I 
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TABLE NO. I 


Surge Magnitude Sending Second Third Receiving 
times normal end Station Station end 
3.5 to 4.2 2 
2.5 to.3.5 1 2 6 
2.0 to 2.5 5 3 1 7 
1.4 to 2.0 5 3 4 15 


In only two cases were surges recorded at more than 
one station simultaneously. In both of these cases, the 
surge was oscillatory and the maximum values of the 
surges were 4.2 and 2.8 times normal, respectively. 
Of these 54 separate figures, 15 were alternating 
caused by three surges; that is, some surges occurred 
on more than one phase and extended to more than 
one station; 21 were positive, caused by 18 surges, and 
18 were negative caused by 18 surges. - 

Lightning caused nine a-c. figures in two surges, 
maximum values 3.3 and 2.8 times normal. Only 
one of these caused figures at more than one station. 
Lightning caused nine positive figures, all at the re- 
ceiving end, in four surges, with maximum values of 
4,2, 2.5, 1.5 and 1.3 times normal. No negative figures 
were caused by lightning. The other surge that was 
recorded at more than one station, causing seven figures 
in all, was caused by a telephone wire falling into and 
grounding one phase at about the middle of the line. 
The maximum value of the surge was 4.2 times normal 
at the receiving end. 

Of the 54 figures, 1.4 times normal or above, switch- 
ing caused nine. None of these were over two times 
normal. To about 80 per cent of the 70 figures below 
1.4 times normal, no cause could be assigned. The 
others occurred at times of switch operations. 


Except for a few mild lightning storms, the weather 
was in general fair. 

The steepnesses of a total of 106 surges were recorded 
on the antenna instrument at the receiving end. Of 
these, 16 were simultaneous with records of magnitude 
on the potentiometer instruments.. The maximum 
- was due to one of the oscillating surges caused by light- 
ning and was 28 by 10°-kv. per sec. or indicated a fre- 
quency of 16,000 cycles. The next largest was due to 
an arcing ground and indicated 24 by 10°-kv. per sec. 
or 9000 cycles. The steepest front surge caused by 
switching had a slope of 14 by 10°-kv. per sec. and was 
unidirectional. Of the six lightning surges on the 
potentiometer, there were four to which there were 
corresponding antenna records. Of the 90 antenna 
figures with no simultaneous figures on the potentio- 
meters, 20 could be connected with switching opera- 
tions. There was no apparent cause for the remainder. 

The varying relationship between the widths of the 
positive and negative portions of the normal voltage 
band indicated that this system would pick up and 
maintain for several hours a static potential of one or 
the other polarity. 

_ | This investigation has not been completed. 
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d. These tests were made on a 270-mi., 220-kv., 
open-wire line with neutral solidly grounded at four 
points along its length. Klydonographs were installed 
as follows: three on potentiometers at the sending end, 
three on potentiometers and one on an antenna at 
stations 105 mi. from the sending end, 140 mi. from 
the sending end; and at the receiving end. Tests were 
made on 120 days, covering 414 months. 

The results of this investigation are being discussed 
in a contemporary paper by R. J. C. Wood, of the 
Southern California Edison Company. They will 
therefore not be discussed in detail here. There was 
an unusual amount of system switching performed 
during the investigation and a resulting large number 
of surges were recorded. However, none of these were 
of alarming magnitude. The maximum surge recorded 
was 38.2 times normal voltage to ground. The next 
highest was 2.7 times normal. During the tests, there 
were two flashovers of line insulators, neither of which 
caused a higher voltage than 1.9 times normal, and 
this might have been caused by a switch operation 
within a few minutes of the flashover. The weather 
was fair during the investigation with no lightning. 


Oscillations. There have been certain theories ad- 
vanced regarding the existence of high-voltage, high- 
frequency oscillations on transmission systems. The 
above tests while not broad enough to be conclusive on 
all systems have indicated nothing to substantiate 
these theories except in the case of an arcing ground. 
Further, arcing grounds on a grounded-neutral high- 
tension line produced no high voltage oscillations, and 
in the case of the free neutral system, the frequency of 
oscillation did not exceed 16,000 cycles. 


IV. COMMERCIAL TYPE OF ROLL-FILM RECORDER 


A roll-film type of single-electrode klydonograph was 
under consideration before the construction of the glass- 
plate type. However, in order to cause as little delay as 
possible in obtaining a few field instruments, the ro- 
tating-electrode plate-type was chosen because of the 
certainty of its operation with standard clock and 
standard dry plates. 

As soon as the plate-type of recorder proved that the 
klydonograph was very valuable in obtaining data on 
surges on transmission systems, the complete design 
and construction of the roll-film type was undertaken. 

Some of the desirable features to be incorporated in 
such a recorder are as follows: 

1. Daylight loading and unloading 

2. Independent of power for operation, hence 
clock-driven 

3. At least three electrodes desired 

4. A long record possible, hence rol] film to be used 

5. Time markings correct without resorting to 
cog-wheel drive and holes in edges of film 

6. Capable of standing considerable over-voltage 

7. Reasonably constant in its calibration 

8. Simple and reliable in operation 
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9. Truly portable; reasonably small and light 

10. Rugged and not too expensive in construction 

In order to harmonize these desirable features, a 
design radically different from that of any existing 
eraphic instrument is required for this klydonograph. 
In such instruments. the torque required to reroll the 
chart is constantly increasing from beginning to end, 
and hence must be supplied by a separate clock spring 
or motor. The same type of reroll was chosen for this 
klydonograph as was designed for the long-film attach- 
ment for the three-element portable oscillograph. 
This incorporated the daylight-loading feature and 
constant torque for driving film and reroll. 

Daylight Loading Film. A 6%-in. width of roll-film 
was chosen as a desirable width for a good three-elec- 
trode chart. This film was obtained on a metal, 
flanged spool having extra deep holes in the ends to per- 
mit the introduction of steel pins to act as shafts. 
These special films are put up in cartons marked for the 
klydonograph. A film length of 8 ft. was chosen to 
give a one-week record with a film velocity of 14-in. 
per hr. Fig. 37 shows this film in place in the klydono- 
graph. The system consists of a main clock-driven 
drum over which the film passes on its way under the 


Fig. 37—Tue KuiyponoGgrapH, Cover RErmMovep, SHOWING 
FinmM In Puace 

electrodes. The outer shell of the drum is micarta 

insulation. Beneath this is a thin metal sheet moulded 


into the micarta tubing. The metal sheet is grounded, 
through the metal ends of the drum, to the frame. It is 
practically impossible to make a thin film lay flat on a 
glass plate and touch all parts of the surface. However, 
it is much easier to make a film roll over a micarta 
cylinder and hug the cylinder so as to have no air 
spaces between the film and the cylinder under the 
electrodes of the klydonograph. In'this design, we have 
a repetition of the essential features of the original 
klydonograph. The film used in this klydonograph has 
black paper on each end but none under the film itself. 
This permits of daylight-loading and daylight-un- 
loading without introducing an undesirable member 
between the film and the internally grounded drum. 

Reroll. Scheme. The general construction of the 
rerolling system can be seen in Fig. 37. On one side 


3. Journau of the A. I. E. E., Vol. XLII, p. 109—Legg: 
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of the main drum is the unexposed film; on the other 
side is the exposed film. Beyond each of these is a 
roller with pulleys attached. Two helical-spring belts 
hold the rollers against the film cartridges, and, in 
turn, the cartridges against the main drum. If the 
under side of each belt is tight and the upper side rela- 
tively slack, the film will be drawn tight over the top 
half of the main drum. Now, as the main drum is 
turned by hand, or by the clock, the unrolling action 
from one spool will cause a rolling-up action on the other 
spool by means of the rollers and the two belts. The 
driving pulleys are made larger than the driven pulleys 
so that the under side of each belt will remain tight 
and the upper side relatively slack. Thus the film is 
urged to roll up faster than it is unrolled from the first 
spool. The rollers and film spools are held in aline- 
ment by shaft extension, free to slide in longitudinal 
grooves in the metal frame. 

No slipping of either film or rollers takes place, for the 
ratio of the pulley diameters is so chosen as to keep the 
twisting torque as high as possible and yet well below 
the point where the rollers would slip on the film. In 
other words, the sum of the four tensions in the belts, 
multiplied by the coefficient. of friction between the 
film and the rollers, is always greater than the sum of 
the differences between the tensions in the tight sides 
and the slack sides. The belts have no tendency to 
continue to accumulate tension on one side. If each 
driving pulley is a certain per cent larger in diameter 
than the driven pulley, then the slack side of the belt 
will have that same percentage greater number of turns 
than the tight side. The belt stretches as it leaves the 
driven pulley and contracts again as it leaves the driver 
pulley, and so on, indefinitely. Thus, there is no— 
slipping of any member and no tendency to break the 
helical-spring belt. 

It is easily seen that the peripheral speed of the — 
main-drum surface, the film surface, the driving-roller — 
surface, and the driven-roller surface is the same. Also 
the torque required to drive the drum, and thence the 
reroll, etc., is constant. As the unexposed film-roll 
decreases in diameter, the exposed roll increases in 
diameter, and the film shafts and the roller shafts shift 
along in the horizontal groove. The center distance 
between the pulleys remains practically constant with 
this arrangement and hence the tension in the belts 
does not change. All of these novel features go to 
make a simple but reliable reroll system which may 
be driven by a single clock. 

Time Marker. Since the photographic chart is 
friction driven, it is necessary to devise a time-marking 
system which will show no error, due to any slight creep- 
age of the film as it passes on its way over the main 
drum. The clock is geared to the drum so as to drive 
the film at a uniform speed of approximately one foot 
per day. The drum actually makes just one revolution 
in 24 hours, yet the film-travel, in seven days, may vary 
as much as an inch. If the time markings had a 


a ae 


June 1925 


proportionate error this would represent two hours. 
By means of a stationary speck of luminous paint, just 
under one edge of the drum cylinder, and twenty-four 
equally distributed holes through the outer edge of the 
cylinder, a dot is exposed on the edge of the photo- 
graphic film every hour, and a dash every sixth hour. 
Each hole passes over the speck of luminous paint just 
as that hole lines up with the three electrodes. Hence, 
there can be no error in time marking, even if the film 
should vary several inches in its travel during one 
week, provided the 8-day clock keeps good time. 

An Hour Circle is provided on the end of the main- 
drum shaft on the outside of the klydonograph. This 
has 24 graduations, each of which lines up with an 
index at the same time as the corresponding hole in 
the edge of the cylinder lines up with the electrodes. 
If the clock loses or gains a few minutes during the 
week, this can be checked by the reading on the hour 
circle and later allowed for in estimating the true time 
of. occurrence of surges which may appear on the 
developed film. 

The four dashes, per 24 hours, are all alike so that 
any one of them may be 6 o’clock or 12 o’clock, day or 


Fig. 38—Fitm-Typee KiyponoGraPpH—GENERAL VIEW 
night. This is done to save film when initially setting 
the instrument. A daylight. intensity record appears 
on the opposite edge of the film from the dots and 
dashes. Daylight enters the case through a _hori- 
zontal hole in the upper part of the klydonograph and 
is reflected downward through a vertical hole in the 
cover to a point on the film in line with the electrodes, 
‘thus giving the record of day and night, by reference 
to which it is easy to determine which time-dash is 
6 a. m., which 12 m., which 6 p. m., and which mid- 
night. A 45 deg. whitened surface, on the inside end 
of a screw, at the conjunction of the horizontal and 
vertical light holes, may be twisted so as to regulate 
the amount of light reaching the edge of the film. At 
any setting, daytime can be told from night, but by 
adjusting the amount of reflection according to the 
locality and position of the klydonograph, it is possible 
to get a record of the variation in intensity of daylight 
as caused by changing cloud conditions. This last 
feature is not essential but is often very helpful in 
checking up the causes of surges which appear on the 
film. 

Complete Instrument. The complete roll-film type 
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of klydonograph is shown in Fig. 38. The parts which 
appear on the outside are: the three electrode-termi- 
nals; their lead-in bushings; the daylight-intensity 


_adjustor, on one side of the electrode chamber; the 


cover thumb-nuts; the hour circle, on the instruction 
panel; and the ground-binding-post. The outfit is but 
12 by 12 by 83¢ in. over all, the case proper being but 
half that height. This three-electrode seven-day 
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recorder is no larger than the original single-electrode 
24-hour plate-model. Its weight is much less than 
many single-element graphic meters. It isso portable 
that it may be taken to any desired location on a trans- 
mission system, and in fact, in some cases located up in 
a transmission tower. For accurate work, special 
electro-static potentiometers, previously described in 
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this article, must be used. However, some informa- 
tion can often be obtained by tapping in between the 
first and second insulators, when of the multiple unit 
type, so as to lead a fraction of the voltage of each of the 
lines, of a three-phase system, to an electrode of the 
klydonograph. 

Condensed instructions for loading and operating the 
instrument are moulded into the micarta panel each 
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side of the hour-circle. The hour-circle and the ground 
binding-post are in a recess, so that there is no pro- 
trusion beyond the 12 by 12 cases. The top of the 
movable part of each electrode is protected by a cap- 
nut over the electrode binding-post. With this ar- 
rangement, no delicate mechanism of any kind is 
exposed, and the instrument may be carried or shipped 
without danger of breakage. 

Introduction and Removal of Film. In loading the 
klydonograph the whole top is removed, with the 
electrodes attached. The 8-ft. roll-film, with steel 
pins in spool ends, is inserted between the main drum 
and the roller having the larger pulleys. The opaque- 
paper end is brought vp over. the main drum and in- 
serted in the slot in the empty spool between the other 
roller and the drum. This spool is turned until the 
opaque paper is tight over the upper half of the drum 
and the second roller is twisted until the lower halves of 
both spring belts are tight and the upper halves rela- 
tively slack. The cover is then replaced, with the 
electrodes bearing on the opaque paper on top of the 
drum. The hour circle is then drawn out, thus disen- 
gaging the drum from the clock pinion, and is turned 
until the joint between the opaque paper and the 
sensitized film is detected by the upward movement of 
the electrodes (easily seen, or felt, when the cap-nuts 
are removed). The hour circle is turned in until the 
graduations indicate the proper hour and fraction 
thereof, taking the nearest long mark to represent the 
nearest quarter of the day (6 or 12 o’clock, day or night). 
At this proper setting the hour circle is released so that 
the gear on the other end of the drum shaft engages 
with the clock pinion, thus driving the film 1% in. per 
hr., for seven days. Meanwhile the daylight-intensity 
indications, the luminous-paint time markings, and any 
surge phenomena have made their impressions on the 
photographic film. After the seven days are up, 
the hour circle is pulled out and turned onward so as to 
roll up the last of the film and opaque paper on the 
second spool. The cover is then lifted and this re- 
rolled film-cartridge removed, without resort to a dark 
room. Later the films may be developed by any 
photographer or by the operator in a suitable dark room. 

Calibration and Tests. The calibration of this roll- 
film-type of klydonograph proved to be very nearly 
the same as that for the plate type, the main difference 
occurring at the lowest perceptible voltages where the 
effect of the dielectric constant, and thickness, is most 
apparent. Fig. 39 shows the calibration chart of radius 
of figures (both positive and negative) to crest volts 
applied. Fig. 40 shows a short length of film with 
artificial surges, timing dots and dashes, and daylight- 
intensity record. The surge figures are described in 
detail in earlier parts of this article. Although the 
normal continuous potential on the electrodes of this 
instrument will be adjusted at 2500 volts, approxi- 
mately, tests were made with a-c. potentials as high 
as 25,000 volts without damaging the instrument or 
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puncturing the film. The calibration is not satis- 
factory beyond 18,000 volts, but this is 700 per cent 
above normal, and hence gives a very great range to 
the instrument. Since there is no power backing the 
surges as picked off an electrostatic potentiometer, and 
since the instrument stood higher voltages, backed with 
power, than can be met in practise, it is undoubtedly 
safe for the service intended. 


Discussion 


D. W. Roper: One of the first things that is necessary in 
order to make improvements in power cables is to know what 
causes the failure. A paper on dielectric losses in relation to 
cable failures! presented before the Niagara Convention out- 
lined one eause of failure and the method of determining when 
such failures occur. A study of the failures on the cable system 
in Chicago, however, indicated that only 40 per cent of the, 
failures of the transmission cables could be accounted for on this 
basis, and we had to look elsewhere for the balance. 

Then it was noted that there were occasional simultaneous 
failures of switches in generating stations or substations and 
eables. There was a continuous discussion as to which was the 
cause and which the effect, and the cause was difficult to. deter- 
mine until the office eat wandered into the switch-house and 
came in contact with a line reactor. That gave us a very 
definite cause and when a cable failure occurred at the same time 
we knew the station trouble was the cause and the cable failure 
the effect. 

That was verified later at another station where a rat got 
across the insulation of a switch connected to the generator bus 
and on that occasion two cable failures resulted. 

The interesting part is that we know definitely that from these 
transient voltages cable failure is caused, and the next thing to 
do is to get same idea of the nature and voltage of these tran- 
sients. For a number of years we have been securing records 
by means of needle gaps, but it was hard to tell just what they 
meant. When a transient sparks across a needle gap, you know 
that the voltage of the transient is greater than the voltage 
required to spark across a needle gap, but you don’t know how 
much greater; it may be 10 per cent greater or 100 per cent 
greater. But in the klydonograph we get an instrument which 
will tell us that particular quantity. 

In the Dufour oscillograph we.get an instrument which will 
give us more intimate information regarding the nature of these 
transients, their shape and their voltage. The interesting 
thing about these transients and their frequency is that the 
theoretical men tell us that high-frequeney transients do not 
travel, and that they cannot travel on underground systems. 
Then we have a disturbance like this eat and the reactor per- 
formance at one place and the eable failure occurs a few miles 
away. They say that the transient must be due to the effect 
of the discharge of the magnetic energy in the transformer, but 
it sometimes occurs a mile or two away from a transformer, and 
in such a way that the only path from the switch that fails to the 
cable that fails is through two line reactors which are said to 
stamp out transient voltages of that frequeney. 

With the advent of these new tools, we may call them, for 
attacking the problem of the troubles which occur on our cables, 


we should be able very shortly, with the continued assistance. 


of the companies in whose laboratories these tools have been 
developed, to determine first the cause of the failures of our 
cables and afterwards the cure. 

K. B. McEachron: We have been making a few preliminary 
tests, using the klydonograph and we believe it will be a very 
useful tool. There is just one point that I wish to bring up 
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regarding the calibration for different wave fronts in connection 
with the work that we have done recently. 

Near the beginning of the paper it is stated that a 25-cyele 
wave would produce a figure of the same size as a wave of short 
front. We have briefly investigated the effect of using single 
half cycles of a 60-cycle wave so as to separate the positive 
and negative figures. This was done by a special synchronous 
switch, recording the wave form by an oscillograph. To give 
only one case as an example, we found that a 60-cycle wave 
of 15 kv. maximum gave a negative figure with a radius of 
about 1 mm. while a steep-wave front impulse, about 0.01 
microsecond, of the same voltage, gave about 10 mm. While 
there may have been reflections in the impulse circuit tending to 
increase the voltage, we could hardly expect more than two or 
three times the voltage due to reflections so that it seems prob- 
able that the difference in wave front is responsible for at least 
a part of the change in the size of the figures. 

Based on such data, I want to question the statement that 
the size of figure is independent of the wavefront. We believe 
that the same size of figure may represent considerably dif- 
ferent voltages if the wave fronts vary through a wide range. 

B. E. Hagy (communicated after adjournment): It may be 
of interest to describe briefly the results of some recent tests on 
the system of The Philadelphia Electrie Company in which 
two of the klydonograph instruments were used. 

The tests were made on one line of a double-circuit, 66-kv., 
ungrounded, open-wire tie line between two generating stations 
‘ which are about 14 mi. apart. Both lines on the transmission 
towers are insulated for 110 kv. and have overhead ground 
wires. The oil switch at the end of the line farthest away from 
the point where the actual switching was done remained open 
throughout the tests. 

The purpose of the tests was to determine the transient dis- 
turbances set up on this line by normal switching operations 
on the system. Attempts to propagate surges on the line were 
made by charging electrolytic lightning arresters, by shifting 
load from line to line, by picking up and dropping an unloaded 
but fully energized line, and by changing the ratio of some tap- 
changing transformers at one end of the line, ete. This testing 
was carried on over a period of two days and several readings of 
value were obtained. 

On one of the two days, a polyphase klydonograph instrument 
was located at each end of the line, the purpose being to measure 
the surge voltages at both the sending end and at the distant 
open end which were expected to be of different magnitude due 
to attenuation, damping, corona, or other effects. On the second 
day, both klydonograph instruments were located at the same 
end of the line but on opposite sides of the line choke coil for the 
purpose of determining the voltage difference caused by the 
inductance of the coil. There were considerable differences in 
simultaneous readings at the two ends of the line and across the 
choke coil. 

The highest value of surge voltage reached during the two 
days of miscellaneous testing was 4.3 times normal or 240 kv. 
erest to ground while there were several readings of over three 
times normal. The reading of 4.3 times normal as well as the 
majority of the other high readings were recorded when the 
unloaded but energized line was disconnected from the source by 
opening the high-voltage line switch. 

An interesting point of information indicating desirable 
operating procedure is noted in comparing the results of switch- 
ing on the high- and low-voltage sides of the step-up transformers. 
These results show that while almost no surges are produced 
when the switching is done on the low-voltage side, surge voltages 


of more than four times normal are produced when the switching 


is done on the line side of the transformer. 

The changing of transformer ratio under load, the shifting of 
load at an intermediate substation, the energizing of the line, 
and the charging of lightning arresters produced only nominal 
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surges, which is somewhat surprising particularly with respect 
to the operation of charging the electrolytic lightning arresters 
which was expected to cause surges of fair magnitude. In 
some cases, the voltages built up by reflection at the dis- 
tant end of the line as well as the voltage on the line side of the 
choke coil were simultaneously greater than the voltages on 
the same phase at the source end and sometimes less. Only 
a few of these surges were oscillatory in character and these were 
rapidly damped. 

These tests are, of course, of different significance from those 
described in the paper where the usual application of the in- 
strument was to have it connected more or less permanently to the 
system over a fairly long period to record normal system surges 
due to atmospheric conditions as well as switching, while the 
purpose in the tests described was to reproduce several normal 
switching operations in a short period and in good weather for the 
purpose of determining the probable magnitude of switching 
surges in ordinary operation. Even under the less severe 
conditions, it will be noted that the voltages recorded are 
relatively greater than any previously reported. It may be that 
on a good many systems routine switching operations will 
produce surges of surprisingly high value. 

The latest film-type polyphase instruments were used in these 
tests and the results secured and the experience with them show 
the device is convenient to use and gives ample voltage records 
the meaning of which is easily interpreted. 

J. H. Cox: Mr. McEachron raised two questions; one was 
calibration of the klydonograph when the figures begin to slide, 
and the other was the accuracy of calibration for various fre- 
quencies or steepness of wave fronts. As brought out in the 
paper, when the figures begin to slide they do not behave in a 
consistent manner and the voltage is approaching the limit of the 
instrument. However, when these slides do occur there are 
nearly always some rays that enanate directly from the center and 
the length of these conforms to the calibration curve. 

In the development of the klydonograph little work was done 
using wave fronts beyond two limits of length, that is, shorter 
than five microseconds and longer than that given by a 25- 
cycle wave. Most of the work was confined between five and 
200 microseconds. A great many records were taken with 
surges as abrupt as could be produced by ordinary means and 
our work leads us to believe that these conform to the calibration 
curve of the more tapered surges. They were not used in 
obtaining these curves for the reason that the voltages produced 
in such a cireuit are indefinite. When a spark-gap is discharged 
into a simple circuit, as done by Mr. MecEachron, you ecan- 
not say with any degree of certainty what the voltage is at any 
part of the circuit. It required a great amount of work to set up 
a circuit that did not give reflections and oscillations. Sueces- 
sive records taken without changing a set-up did not vary as 
muchas1mm. Further, when a single surge was impressed on 
six terminals tied together, no variation could be measured. 


The klydonograph was developed for the purpose of recording 
transients on transmission systems. It has been gratifying to 
find that the surges present on practical lines have a wave front 
between one and 200 microseconds. In this range at least the 
klydonograph is entirely satisfactory. It must be remembered 
that no greater accuracy than 15 per cent is possible in such an 
instrument. Thisis ample for practical use. 

When the application is as slow as a 60-cycle or a 25-cycle 
wave the conductivity of the film surface has an influence. A 
slight conductivity in the case of a slow application will allow 
some charge to leak off the electrode and thus tend to lessen the 
intensity of the field at the emulsion surface which is necessary 
to produce a figure. We have found commercial films to vary 
somewhat in this respect, but not enough to cause concern when 
dealing with surges. The performance of the instrument at 
commercial frequencies is not particularly important since there 
are more convenient methods of measuring such potentials. 


Over-Voltage on Transmission Systems Due to 
Dropping of Load 


EK. J. BURNHAM! 


Associate, A. I. E. E. 


Synopsis:—When a waterwheel-driven generator, or a hydro- 
electric station, loses all or a large part of iis load, the voltage rises 
more rapidly and to a greater extent than has been generally 
realized. 

The purpose of this paper is to show the manner in which the 
voltage will rise under different conditions, and a method of calculat- 
ing the voltage rise of a waterwheel-driven generator when load is lost. 

The results of a large number of tests are given showing the rise 


UCH has been written about instantaneous rises 
of voltage due to switching surges, and tran- 
sients due to short circuits, but very little has 

been said regarding the rise of voltage due to dropping 
of load on an a-c. system. 


Great interest has been shown in various sections 
of the country during the past year in the voltage 
obtained when a waterwheel-driven generator, or a 
hydroelectric station, loses all or a large part of its load, 
since voltages obtained in this manner are much higher 
and develop more rapidly than would ordinarily be 
expected. 


When load is lost on an a-c. generator, or group of 
a-e. generators, the manner in which the voltage rises 
and the time interval taken for such a rise varies ac- 
cording to the following factors: 


1. Voltage regulation and design of the generator. 

2. Type and speed regulation of prime mover con- 
nected to generator. 

8. Generator excitation obtained from direct-con- 
nected exciter, exciter motor-generator set, or d-c. bus. 

4. Amount and power factor of load dropped. 

5. Voltage regulators used or not used. 

6. Place in circuit where load is tripped. 

7. Connections including lines, transformers, ete., 
between generator and load. 

8. Over-voltage or over-speed devices used or not 
used. 


With the above points in mind, calculations were 
made to determine the maximum rise in voltage on 
ordinary waterwheel-driven generators when load was 
lost under different conditions. The results of these 
calculations are shown in Table I. Details regarding 
method of making calculations are given later. 


In order to check the calculations and to obtain 
further information, a series of tests? were made, in 
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in voltage on an 8500-kv-a., 6600-volt waterwheel generator when 
load was tripped under several different conditions at three dif- 
ferent places, namely, at the generator, on the high-voltage side of a 
transformer bank, and at a substation forty miles away. 

As it is not considered good practise to subject a transmission 
system to high over-voltages, consideration is given to methods of 
checking the voltage rise by use of relays as soon as possible after 
load has been dropped. 


TABLE NO. I 
VOLTAGE RISE IN PER CENT OF NORMAL VOLTAGE 


Type of Over- With Voltage Without Voltage 
Prime Mover Speed Regulator Regulator 
With Without With Without 
direct- direct- direct- direct- 
connected | connected | connected | connected 
Exciter Exciter Exciter Exciter 
Water- 
turbine 25-35% 50-80 % 40-65% | 90-100% | 60-85% 


which load was dropped in different ways and under 

many different conditions on an 8500-kv-a., three-phase, 

60-cycle, 164-rev. per min., 6600-volt, 80-per cent power- 

factor waterwheel generator, connected to a large 60- 

cycle system, through an 18,000-kv-a. bank of trans- 

formers and a 40-mile, 66,000-volt transmission line. 
18000 Ky-a. 


Transformer 
6600/66000 Voit 


00 Kv-a. P f F * 
S200 Volt Circuit Circuit Cireutt 
Generator Breaker Breaker Breaker 


Current 
Transformer 
Exciter 


. Pen 


Ow 
Potential Potentiat 
Cae Transformer Transformer 


Fie. 


66000 Volts 


AOMile Line 4/0 Copper 


1—ARRANGEMENT OF EQUIPMENT FOR TEST 


Connections and arrangement of equipment between 
the generator and substation are shown by Fig. 1. By 
use of circuit breakers 1, 2, and 3, load could be tripped 
at any one of three different places. These circuit 
breakers will be referred to as generator, transformer- 
high-voltage, and substation circuit breakers, re- 
spectively. : 

The generator had a direct-connected exciter, but 
in order to also make tests with the generator sep- 
arately excited, a temporary connection was made to a 
small, waterwheel-driven exciter. However, the limited 
capacity of this exciter would permit the gener- 
ator when separately excited to carry only 4000- 
kw. load at 98 per cent power factor. 

A vibrating type, 60-cycle voltage regulator was 
in the station, so plans were made to use that in some 
of the tests. 

Connections were made to an oscillograph so that 
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TABLE II 
Maximum 
Power Direct- Over- Breaker Breaker Voltage 
Load Factor connected Over-volt- Frequency tripped tripped in per cent of 
Test Oscillogram | dropped-kw. per cent Exciter Regulator age Relay Relay by Hand by Relay normal 
1 97300 5900 83 Yes No No No 1 - 195 
2 97304 6100 83 Yes Yes No No Ah ~ 151 
3 97325 4000 98 No No No No 1 - 128 
4 97321 6500 83 Yes No No No 2 - 174 
5 97313 6400 90 Yes | Yes No No 2 - 157 
6 97312 6400 90 Yes No No No 2, - 185 
a 97317 6700 83 Yes No No No 3 - 218 
8 97323 6100 87 Yes Yes No No 3 - 168 
9 97322 6500 83 Yes Yes Yes No 2 1 113 
10 97324 6150 83 Yes Yes No Yes 2 1 126 
11 97318 6700 83 Yes No Yes No 3 2 183 
12 97319 6700 83 Yes No Yes No 3 4, 201 
13 97310 3500 70 Yes No Yes Yes 2 1 138 
14 97320 6700 83 Yes Yes No No 3: - 206 
15 97309 3500 66 Yes No Yes | No 2 1 138 
200 qe 


any three of the following waves could be recorded at 
the same time: 

1. 60-cycle or 40-cycle timing wave. 

2. Generator field or exciter voltage. 

3. Generator current. 

4. Generator voltage. 

5. High-tension voltage at a point between trans- 
former and transformer high-voltage circuit breaker. 

Table II gives details regarding tests in which load 
was dropped in different ways and under different 
conditions. 

It will be noted that 6700 kw. was the largest load 
dropped. The generator could not carry a greater load 
than this because of the water conditions at the time 
the tests were made. 


Commercial load was used for these tests; therefore, 
because of the system operating conditions, it was not 
always possible to drop the load most desirable for a 
particular test. However, by giving consideration to 
the amount of load dropped, proper comparisons may 
always be made between the different tests. 

It will also be noted that after a load was dropped, 
in some cases the speed rise reached 152 per cent of 
normal, which is a much greater speed increase than 
generally obtained on waterwheels under similar 
conditions. This large speed increase is accounted for 
by the fact that the waterwheel governor had not 
received final adjustment, but this does not make the 
tests less valuable, since the speed characteristics for 
each test can be determined by making a comparison 
between the timing wave and the generator-voltage 
wave. Furthermore, the large speed regulation of the 
waterwheel was offset, to some extent, by the load 
dropped, which was less than normal; therefore, the 
‘results are not far from what might ordinarily be 
expected, as will be shown later. 


LOAD DROPPED BY TRIPPING GENERATOR BREAKER 
DIRECT-CONNECTED EXCITER USED 


Fig. 2 shows the results of two tests, a voltage 
regulator being used in Case 2, but not in Case 1. 
Curves 1 A and 2A show the rise in speed that took 


Generator Voltage in Per cent of Normal 


2 = 
Time in Seconds 


Fig. 2—Case 1. 
GENERATOR BREAKER. 
REGULATOR. 

Cass 2. 6100-Kw. Loap Droprep BY TRIPPING GENERATOR 
BREAKER. Drrect-CoNNECTED Exciter. REGULATOR - IN 
OPERATION. 


5900-Kw. 
Di1rect-CONNECTED EXCITER. 


LOAD DroprpEeD BY TRIPPING 
No 


place as soon as load was dropped. Curves 1 B and 
2 B show the corresponding rise in generator voltage. 
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The curves illustrate that as soon as the generator 
breaker was tripped, the generator voltage rose in- 
stantly to approximately 112 per cent of normal, and 
then increased in accordance with Curve 1B or 2B, 
1 B being without voltage regulator and 2 B being with 
voltage regulator. The effectiveness of the voltage 
regulator is plainly seen when a comparison is made 
between Curves 1Band2B. Themaximum over-speed 
is greater in Case 2 than in Case 1, as shown by speed 
Curves2 A and 1A, due tothefact thata slightly larger 
amount of load was dropped in Case 2 than in Case 1. 

Referring to Case 1, Fig. 2, the solid line 1B repre- 
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Fig. 3—4000-kw. Loap Drorrep sy TrRippING GENERATOR 
BREAKER. GENERATOR SEPARATELY ExcitEep. No REGULATOR. 


sents test values as recorded on an oscillogram, while 
the small circles were plotted from calculations. In 
Case 2, solid line 2 B represents test values, while the 
small triangles are taken from calculations. The 
method by which the calculations were made will be 
given later. 


LOAD DROPPED BY TRIPPING GENERATOR BREAKER 
GENERATOR SEPARATELY EXCITED 


Results of a test in which the generator was separately 


AVON ATT eee ee era ea 


PUIREDESEELAT ESI ISEEseteieceueetees er iiiniiiieayy 
Aa RAGA AGAALUARRARAAAASAAUAD AL ESSUADCRSAIALAR PLD UREA ASSAD 
fee WRT HBANVNTEPERATAN EV EVENEND POPS TP SYNTY ARCATA TLD 
WLIRERRSTR ATE EEASPAREUIDERALI GES SSAR RAE Tita 


TTP TCE LE: 


MUTITITUTITATTE TTT TTUTTRUTOTTTETOVITTITITTTTTUT STU ete eee Le LL ECE Lee 
ihe Ah f 
ung geey 


ti 


1 


OTT TATA i ili i 
TA TH MAUL TESST TTT ETT TE VHdUDEAAT TREAT aval aiTiTT ALT ij 
i UTE esa EH 


= 


Figs. 


BURNHAM: OVER-VOLTAGE ON TRANSMISSION SYSTEMS 


54-B—6500-Kw. Loap Droprep By Triepinc TraNsrorMER Hrau-VouitTaGe BREAKER. 
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LOAD DROPPED BY ‘TRIPPING HIGH-VOLTAGE 
TRANSFORMER BREAKER 
DIRECT-CONNECTED EXCITER USED 


Fig. 4 shows results of two tests, one taken with and 
one without voltage regulator. In each case, load was 
dropped by opening the high-voltage transformer 
breaker. Here, as before, the voltage regulator was 
very effective in limiting the rise of voltage. 
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Fie. 4—Casre 1. 6500-Kw. Loap Droprep By TRIPPING 
TRANSFORMER HiGH-VOLTAGE BREAKER. D1irEect-CONNECTED 
Exciter. No REGULATOR. 

Case 2. 6400-kw. Loap Droprep sy TRIPPING TRANS- 
FORMER Hi1GH-VOLTAGE BREAKER. 
CITER. REGULATOR IN OPERATION. 


Allowing for the different amounts of load dropped, it 
is seen that when the load was tripped by the trans- 
former high-voltage circuit breaker, the voltage did not 
rise as high as when the load was tripped by the genera- 
tor circuit breaker. This difference was due to the 
exciting current taken by the transformer after the 
high-voltage circuit breaker had been opened, which was 
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Curve A—40-cycle timing wave 


Curve B—Generator current 


Curve C—Generator voltage 


excited are shown in Fig. 3. As only 40C0-kw. load was 
dropped, the speed did not rise as high as it did in tests 
previously described. 

After the load was dropped, the voltage increased in 
accordance with Curve 1 B. The small crosses repre- 
sent points calculated. . 


load current for the generator. Curve 1 B, Fig. 4, 
shows how the transformer exciting current, or in 
other words, the generator-load current, increased as the 
voltage became greater and greater after load had been 
dropped. 

Figs. 54-B show part of the oscillogram from 
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which Curves 1A and 1B, Fig. 4, were taken. The 
oscillogram shows how the transformer exciting 
current and the generator voltage increased in value 
after load was dropped, the middle wave being trans- 
former exciting current and the lower wave genera- 
tor voltage. 

Fig. 6 shows part of an oscillogram similar to that of 
Fig. 5a, with the exception that a slightly different 
load was dropped. The middle wave indicates exciter 
voltage instead of generator current. This middle wave 
gives a good indication of how the exciter voltage in- 
creased in value as the speed increased, after the load 
was dropped. 
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Fig. 6—6400-xKw. 
FORMER HiGH-VOLTAGE BREAKER. 
CITER. No REGULATCR. 


Curve A—40-cycle timing wave 
Curve B—Exciter voltage 
Curve C—Generator voltage 


LOAD DROPPED BY TRIPPING SUBSTATION BREAKER 
DIRECT-CONNECTED EXCITER USED 


Fig. 7 shows the results of two tests, one taken with, 
and one taken without, voltage regulator, in which load 
was dropped by opening substation circuit breaker. 
The voltage regulator was again very effective in limit- 
ing the voltage rise. 

Curve 1 of Fig. 7 shows a 118 per cent voltage rise, 
which is a greater rise than obtained in any of the tests. 
This is only natural when consideration is given to the 
fact that the charging current of the 40-mile line more 


- than offset the. exciting current of the transformer, 
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curve has two peak values, the dip in the middle oc- 
curring at the time the voltage reached maximum. 
Figs. 8A-B show parts of the oscillogram from 
which Curves 2A and 2B of Fig. 7 were taken. 
The middle wave of the oscillogram shows clearly the 
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Cass 2. 6100-Kw. Loap Droprep By TRIPPING SUBSTATION 
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dip in the generator currents mentioned above, and 
also the many harmonics in the current wave. The 
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Fias. 8a-s—6100-xw. Loap Droprrep BY TRIPPING SUBSTATION BREAKER. DirEcT-CoNNECTED ExcITER. REGULATOR IN OPERATION. 


Curve B—Generator current 


Curve C—Generator voltage 


the effect of which was to boost the excitation of the 
generator. 

Curve 2 B, Fig. 7, shows the generator current which 
is a resultant of transformer exciting current and 
line-charging current. In this instance, the current 


lower wave of the oscillozram represents the generator 
voltage and shows the switching surge at the time the 
high-voltage transformer circuit breaker was tripped, 
and just how the voltage increased after the load was 
tripped. 
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VOLTAGE REDUCTION 


The tests already described show the rapid and 
extensive rise of voltage that occurs when load is lost on 
a waterwheel-driven generator. Believing it desirable 
to check the voltage rise as soon as possible after load is 


TABLE NO. III 
REDUCTION IN GENERATOR OPEN-CIRCUIT VOLTAGE 


Previous Time in Seconds 
Voltage for Voltage 
Oscillo- in % of to decrease 
Test gram Normal | Method of Reducing Voltage 50% 
16 97302 143 Insert Resistance in 4.75 
Exciter 
Field Circuit 
3 ld 97306 149 Open Exciter Field Switch State's) 
18 97305 52 Trip Generator Field Breaker 0.90 
19 97316 100 Trip Generator Field Breaker 1.00 


b 


Generator Voltage in Per cent of Voltage Criginally Held 


4 
Time in Seconds 


Fic. 9—GeENERATOR OpEN-CrircuIT VoLtTAGE DECREASED: 

Cask a: BY InsERTING ReEsisTANCE IN Exciter FIeLp 
CiRcult. 

Case b: By OPENING EXcITER FIELD SWITCH. 

CaAsE c: BY TRIPPING GENERATOR FIELD CrrcuiT BREAKER. 


dropped, a series of tests was made to determine the 
speed with which the generator open-circuit voltage 
could be reduced by three different methods. A 
tabulation covering these tests is given in Table III. 
Fig. 9 shows the results of three of these tests, each 
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Fig. 10—Gernerator Open-Circuir VouTace DECREASED 
BY INSERTING RESISTANCE IN ExciTER FIELD CrircuIT 


Curve A—60-cycle timing wave 
Curve B—Exciter voltage 
Curve C—Generator voltage 


method being represented. Curve a shows the rate of 
voltage decrease when a block of resistance was placed 
in the exciter field circuit, this being accomplished by 
holding the voltage regulator contacts open. Curve b 
shows the rate of voltage decrease when the exciter 


ON TRANSMISSION SYSTEMS Transactions A. I. EK. HE. 
field switch was opened, and Curve ¢ the rate of voltage 
decrease when the generator field circuit breaker was 
tripped. Field discharge resistors were, of course, 
used in the last two cases. 

Fig. 9 shows the advantage of tripping the generator 


11—GeENERATOR OpEN-CigcUuIT VOLTAGE DECREASED BY 
TRIPPING GENERATOR FIELD CircUIT BREAKER 


Curve A—40-cycle timing wave 
Curve B—Generator field voltage 
Curve C—Generator voltage 


field when it is desirable to reduce the generator voltage 
at a very fast rate. 

{. Fig. 10 shows the oscillogram from which Curve a 
of Fig. 9 was taken. The middle wave of oscillogram 
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Fig. 12—Casz 1. 6500-Kw. Loap Dropprp sy TRIPPING 
TRANSFORMER HigH-VoLtTaGh Breaker. Drrect-CONNECTED 
Exciter. REGULATOR IN OPERATION. OveEr-VOLTAGE RELAY 
TRIPPED GENERATOR BREAKER. 

Case 2. 6150-Kw. Loap Dropprp sy Tripping TRANS- 
FORMER HiGH-VoLTAGE BREAKER. DirEecTt-CONNECTED EXx- 
CITER. REGULATOR IN OPERATION. Over-FREQUENCY RELAY 
TRIPPED GENERATOR BREAKER. 


shows the way the exciter voltage’ decreased when a 
block of resistance was placed in the exciter field 
circuit. 

Fig. 11 shows the oscillogram from which Curve¢ 
of Fig. 9 was taken, the generator field circuit breaker 
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being tripped at a time when the generator was oper- 
ating at normal voltage, no load. The middle wave of 
oscillogram shows how the generator field voltage de- 
creased after the field circuit breaker was opened. It 
will be noted that the generator field excitation was 
reversed in polarity at the time the field circuit breaker 
was tripped. 

Fig. 12 shows the effect of tripping the generator 
field circuit breaker, as well as the generator main 
circuit breaker, after load had been dropped by opening 
high-voltage transformer circuit breaker by hand. 
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Fie. 13—6150-xkw. Loap Droprrp By TrippPinac TRANS- 
FORMER HicH-VoLtTaGE’ BREAKER. DirRecT-CONNECTED Ex- 
CITER. REGULATOR IN OPERATION. Over-FREQUENCY RELAY 
TRIPPED GENERATOR BREAKER. 


Curve A—40-cycle timing wave 
Curve B—Generator current 
Curve C—Generator voltage 


Curves 1 A and 2 A show the rise in speed and Curves 
1B and 2B show the corresponding voltage changes, 
when load was dropped. The difference in the two 
speed curves is due to the fact that more load was 
dropped in Case 1 than in Case 2. 

Voltage Curves 1B and 2B are also different. In 
Case 1, the generator and field circuit breakers were 
tripped by an over-voltage relay set at 115.5 per cent of 
normal voltage. In Case 2, the generator and field 
circuit breakers were tripped by an over-frequency 
relay set at 63 cycles or 105 per cent of normal fre- 
quency. In each case, auxiliary contactors were used 
with the relays so arranged that the trip circuits of the 
generators and field circuit breakers would be ener- 
‘gized at the same time. 


OVER-V OLTAGE AND OVER-FREQUENCY RELAYS 


The curves in Fig. 12 give information regarding 
the operation of the relays, as well as information re- 
garding the voltage and speed changes. In Case 1, the 
generator and field circuit breakers were tripped sooner 
than in Case 2. This was due to the fact that the over- 
voltage relay in Case 1 was operated by the initial 
voltage impulse which reached approximately 130 per 
cent of normal, while the over-voltage relay in Case 2 
did not operate until approximately a quarter of a sec- 
ond later when the speed reached 105 per cent of 
normal. 

Fig. 18 shows part of the oscillogram from which 
Curves 2 A and 2 B of Fig. 12 were taken. The middle 
wave on the oscillogram represents the generator cur- 
rent and indicates clearly the time when the high- 
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voltage transformer circuit breaker opened and also the 
time when the generator circuit breaker opened. By 
use of: the 40-cycle timing wave, it is found that the 
generator circuit breaker opened approximately 0.73 
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Fig. 14—Casrt 1. 6700-kw. Loap Droprrp By TRIPPING 
SUBSTATION BREAKER. DtrEect-CONNECTED EXCITER. No 
REGULATOR. OveErR-VoLTAGE ReLtay TRIPPED TRANSFORMER 
Hie@xH-V oLTAGE BREAKER. 

Case 2. 6700-Kw. Loap DroprEep By TRIPPING SUBSTATION 
Breaker. Dtrect-CoNNECTED EXCITER. No REGULATOR. 
OverR-VoLTAGE Retay TRIPPED GENERATOR BREAKER. 

Case 3. 3500-kKw. Loap Droprrgp By TrRippING TRANS- 
FORMER HiGH-VOLTAGE BREAKER. Direct-ConnecTep Ex- 
cITeER. No ReGuLaATOR. COMBINATION OvER-VOLTAGE AND 
Over-Frequancy Retay TRIPPED GENERATOR BREAKER. 


seconds after the high-voltage transformer circuit 
breaker was tripped. 

Three different tests are represented in Fig. 14. An 
over-voltage relay was used in Case 1 and Case 2, but 
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Over-VoLTaGE RELAY TRIPPED GENERATOR BREAKER. 


Curve A—40-cycle timing wave 
Curve B—High-tension voltage at transformer terminals 
Curve C—Generator voltage 


in Case 3 a combination relay of both over-voltage and 
over-frequency was used. In the latter case, the over- 
voltage element was set at 115 per centnormal voltage, 
and the over-frequency element was set at 105 per cent 
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normal frequency. The contacts of both elements 
were placed in series, so the tripping circuit of the 
generator breaker would not be energized until each set 
of contacts had been closed. An analysis of the curves 
shows that the contacts of the over-voltage relay closed 
approximately 0.5 seconds later than the closing of the 
over-frequency relay contacts. 

In Case 1, the relay tripped the high-voltage trans- 
former circuit breaker, while in Case 2, the relay tripped 
the generator circuit breaker. In Case 1, the trans- 
former exciting current furnished load for the 
generator; therefore, the voltage did not rise as high as 
it did in Case 2, where the generator had no load after 
the generator breaker was tripped. 

Fig. 15 shows part of.the oscillogram from which 
Curve 2 B of Fig. 14 is taken. The middle wave of the 
oscillogram represents the voltage on the high-voltage 
side of the transformer. The small voltage indicated 
after the generator breaker was opened was induced 
from a 110,000-volt, 60-cycle line, which parallelled the 
line being used for these tests. 


GENERATOR CIRCUIT BREAKER AND RELAY TESTS 


In order to check the operation of the relays, two 
tests were made with the use of the oscillograph, one to 
determine the operating time of the generator circuit 
breaker and the other to determine the operating time 
of the over-voltage relay. The results of the tests are 
shown in Table IV. 


TABLE IV 
OPERATING TIME 
GENERATOR CIRCUIT BREAKER AND OVER-VOLTAGE RELAY 


Operating 
Time 

Test Oscillogram Equipment Seconds 
20 97314 Generator Breaker and Relay 0.21 
21 97315 Generator Breaker 0.11 


GENERAL CONSIDERATIONS AND CALCULATIONS 


Voltage Regulation. Due to regulation, the voltage of 
an a-c. generator carrying full load at normal speed and 
voltage will generally rise between 25 and 35 per cent 
above normal when load is lost, providing the speed and 
excitation remain constant. 

Part of this rise in voltage is instantaneous and part 
takes place over an interval of time. Consider the 
8500-kv-a., 6600-volt a-c. generator used in the tests 
just described, and assume that it is carrying a load of 
5900 kw., 0.83 per cent power factor, as in test No. 1. 

When carrying this load, the caleulated internal or 
generated voltage is equal to 111 per cent of the terminal 
voltage. The internal voltage differs from the terminal 
voltage by the amount of impedance drop in the 
stator winding. If the load just mentioned is dropped, 
the terminal voltage will instantly rise to a value equal 
to the internal voltage because the flux to produce this 
voltage is already present in the stator and because the 
impedance drop in the stator winding disappears as 
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soon as load is dropped. Referring to Fig. 2, this in- 
stantaneous voltage rise is shown by line ¢ d, the eal- 
culated value being 111 per cent and the test value being 
112 per cent of normal voltage. 

Using calculations and assuming, further, that the 
speed and excitation remain constant, the voltage will 
increase from 111 per cent voltage to the open-circuit 
voltage. This rise of voltage is shown by Curve 6, 
Fig. 2, and takes place over an interval of time, because 
after load is tripped and armature reaction disappears, 
time is consumed in building the stator flux up to a 
value corresponding to the field m. m. f. 

For an average generator on which full load is lost, 
this time may be assumed to be two seconds, but varies 
to some extent, according to the size and design of the 
machine in question. 

Prime Mover. As the governors of waterwheels and 
steam turbines are speed devices, a change in load is 
always accompanied by a change in speed. Given 
sufficient time, the new output of energy will be pro- 
duced at a new steady speed. (Only by readjustment 
of the governor can the new output be produced at the 
previous speed.) When the decrease of load is great — 
and sudden, the speed will rise higher than the ultimate 
speed, this over-shooting being due to the inability of 
the governor system to follow quickly enough the speed 
of the turbine rotor. 

The overspeed of water turbines when full load is 
lost varies according to the horse power of the turbine, | 
the time taken to close the guide vanes, the W R? of 
combined generator and turbine unit, the rev. per min., 
and the length of penstocks. However, these different 
factors combine in such a way that for an ordinary de- 
sign of water turbine, the overspeed is usually between 
25 and 35 per cent when load is dropped. 

Fig. 16 shows some typical speed-time curves indi- — 
cating the rise in speed on a large water turbine when 
different amounts of load were dropped. In this partic- 
ular case, the speed rose to 131.5 per cent of normal, 
when full load was dropped. 

In the tests referred to in the first part of this article, 
the speed regulation was greater than customary for 
the reason already given, namely, the waterwheel 
governor had not received final adjustment. 

The maximum speed attained by a steam turbine 
when load is suddenly removed is much less than that 
attained by a water turbine under similar conditions. 

Tests taken on a 30,000-kw. steam turbine show that 
when full load was dropped the governor action was 
such that the maximum speed attained was only four 
per cent above normal. This maximum speed was 
reached in one second. Upon dropping a 75 per cent 
load on the same turbine a maximum speed rise of 
2.75 per cent normal was attained in 0.9 seconds. Even 
if the emergency governor of a steam turbine is called 
upon to operate, the speed will generally not rise above 
110 per cent of normal. 

In view of the foregoing, the danger from the over- 
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voltage on steam stations is not as great as on hydro- 
electric stations. 

Generator Excitation. Field excitation for a-c. genera- 
tors is generally obtained by one of the following 
methods: 

1. D-c. bus. 

2. Dhirect-connected exciter. 

38. Exciter motor-generator set. 

The maximum over-voltage obtained when load is 
dropped depends, to some extent, on which method of 
excitation is used, as a direct-connected exciter will 
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Fie. 16—Loap Resection on a 44,000-kKw. WATER TURBINE 


Case A— 39.8 per cent load dropped 
Case B— 58.0 per cent load dropped 
Case C— 67.0 per cent load dropped 
Case D—100.0 per cent load dropped 


overspeed with the generator when load is dropped. 
The same is true of an exciter motor-generator set if 
the motor of the set receives power from a circuit con- 
nected to the a-c. generator which loses load. 

Anjincrease in the speed of the exciter causes an 
increase in the exciter voltage, which, in turn, causes 
an increase in the a-c. generator field current and, there- 
fore, a further rise in the a-c. generator voltage. 

For exciters generally used, the armature voltage 
increases approximately as the square of the speed, as 
the speed is increased above normal. The a-c. genera- 
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tor field current increases in direct proportion to the 
increase in exciter voltage providing the resistance in 
the field circuit remains the same, but the a-c. genera- 
tor voltage will not increase in direct proportion to the 
increase in field current due to saturation of the iron in 
the generator magnetic circuit. However, if a water- 
wheel-driven generator, having a _ direct-connected 
exciter, drops load, the field current will rise to such an 
extent that the open-circuit voltage will usually reach 
the upper part of the saturation curve, which is nearly 
flat. 

Referring again to Fig. 2, the voltage rise shown by 
Curve 6 assumes no increase in speed when load is 
dropped, and assumes the generator to be separately 
excited. If the speed is increased and field excitation 
held constant, the voltage will actually rise above this 
Curve 6 in direct proportion to the increase in speed. 
This is true because the open-circuit voltage of an a-c. 
generator is always proportional to the generator speed, 
providing the excitation remains constant. 

Now assume that the 8500-kv-a. generator has a 
direct-connected exciter and that it is connected to a 
waterwheel having a speed characteristic as shown by 
Curve 1A, Fig. 2. Curve 3, Fig. 2, shows how the 
generator voltage increases to 132.5 per cent of normal 
assuming an overspeed on the exciter, but no over-speed 
on the generator. (This is a physical impossibility, 
but is suggested as a step toward determining the 
actual voltage). Instantaneous increase in voltage 
c dis the same as before. For the voltage rise indicated 
by Curve 3, a time lag of three seconds has been as- 
sumed, which takes into consideration the lag of flux 
change in both the exciter and the a-c. generator. 

When the load is dropped, the generator, as well 
as the exciter, overspeeds; therefore, the calculation of 
the actual generator voltage curve for this condition 
involves increasing the value of the voltage points on 
Curve 3, in accordance with the increase in speed, as 
shown on speed Curve 1A. The resulting calculated 
values of actual generator voltage are indicated by the 
circle points falling on or near Curve 1 B. 

Voltage Regulators. In case a generator voltage 
regulator is used in connection with a generator that 
loses load, the regulator will, of course, try to keep the 
voltage from rising. As soon as load is lost, the regu- 
lator contacts at once open and a block of resistance is 
inserted in the exciter field circuit. Ifa large amount of 
load is dropped on a waterwheel-driven generator, the 
generator voltage rises in spite of the fact that a block 
of resistance has been placed in the exciter field circuit, 
principally because flux change in the exciter and the 
generator is relatively slower than the speed change. 

Curve A of Fig. 9 represents a voltage regulator test, 
as already mentioned. This curve is reproduced in 
Curve 4 of Fig. 2 for use in making calculations. For 
convenience, the starting point of the curve is raised to 
111 per cent generator voltage and all other points are 
raised in the same proportion. 
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It was previously stated that Curve 3 of Fig. 2 shows 
how the generator voltage increases, assuming an over- 
speed on the exciter, but no over-speed on the generator. 
By combining Curve 3 and Curve 4, a resultant curve is 
obtained, as shown by Curve 5, which represents ap- 
proximately the change in voltage when a load of 6100 
kw., 0.88 power factor is dropped, a direct-connected 
exciter and a voltage regulator being used. 

Curve 3 is used to take care of a 6100-kw. drop of 
load, as well as a 5900-kw. drop of load, because, if two 
curves were plotted, one would fall practically on the 
other. Now, increasing the voltage points on Curve 5, 
in accordance with the increase of speed, as shown by 
Curve 2 A, final calculated results are obtained asshown 
on the small triangles. These calculated points fall 
reasonably close to the test Curve 2 B. 


Amount and Power Factor of Load Dropped. 'The per 
cent voltage regulation of a generator and the per cent 
speed regulation of a turbine being greater for full 
load than for part load, it is obvious that the loss of full 
load on a generator will cause a greater rise in voltage 
than dropping part load. 

As the power factor of a load being furnished by a 
generator is decreased below unity (assuming constant 
kw. output), the field excitation, the kv-a. output, and 
the internal generated voltage increase. Therefore, 
the lower the power factor of the load dropped, the 
greater will be the rise in voltage. 


CONCLUSIONS 


It is not considered good practise to subject a trans- 
mission system to high over-voltages, especially if they 
are of long duration, because such over-voltage might 
cause damage to the generators, motors, transformers, 
lightning arresters, lines, insulators, and other equip- 
ment connected to the system. 

Each piece of apparatus is designed for a particular 
maximum voltage, should be tested in accordance with 
A. I. E. E. Standardization Rules, and should operate 
continuously and successfully at that voltage under 
normal operating conditions. If the voltage is in- 
creased above normal, apparatus or equipment may or 
may not fail, according to the following factors: 

1. Maximum over-voltage obtained. 

2. Duration of over-voltage, taking into considera- 
tion the speed with which the voltage is increased or 
decreased. 

3. Factor of safety in insulation and design of 
apparatus or equipment. 

In other words, the time element of over-voltage 
must be taken into consideration as well as the maxi- 
mum overvoltage. For example, a piece of apparatus 
may withstand an impulse voltage of double normal or 
more, when the duration of the impulse is a fraction of 
a cycle, but may fail if subjected to a voltage of much 
less value when applied continuously for several seconds 
at normal frequency. 
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In general, it is desirable to design any piece of 
apparatus so that it has as high a factor of safety against 
failuré as is consistent with an economical design. 
The proper balance between factor of safety and 
economy of design depends largely on the principle under- 
lying the design. In some kinds of apparatus, such as 
transformers, a high factor of safety is possible; in 
others, as lightning arresters, the same high degree of 
safety with over-voltage is incompatible with the 
proper function of the device. 

An attempt to capitalize the factor of safety by oper- 
ating a piece of apparatus at voltages above normal 
should never be made. Furthermore, it should not be 
assumed that the factor of safety will take care of any 
over-voltage that may exist momentarily on a system. 

Although the apparatus treated thus may not fail 
immediately, the insulation or other parts may be 
weakened, so that by repeating or continuing the 
conditions of over-voltage, eventual failure is invited. 

Total loss of load, and therefore dangerous over- 
voltage, may occur on any hydroelectric station having 
only one or two outgoing lines. If all, or nearlyall, of 
the power is fed out from the station over one line, 
then in case of trouble it is quite possible that load on 


this line will be lost, particularly if the line is adequately — 


protected by relays. If a station has two outgoing 
lines, both line breakers may occasionally trip automatic- 
ally; also, if two outgoing lines are used, one line may 
be under repair, in which case all of the power would be 
transmitted over the second line. The situation would 
then be the same as though only one hne existed. 

When the load is fed out over three or more lines, 
there is much less likelihood of complete loss of load; 
therefore, the same precautions are not as essential as in 
the case of stations having only one or two circuits. 

The contact of the over-speed and the over-voltage 
relays may be connected either in multiple or in series. 
If they are connected in multiple, the over-voltage relay 
should be given a sufficiently high setting to prevent it 
operating in case of ordinary switching surges. If 
the contacts are connected in series, the over-voltage, as 
well as the over-speed relay, may be given a rather low 
setting. 


Discussion 


H. W. Smith: The paper by Mr. Burnham is valuable in 
that it gives us actual tests on the over-voltages due to over- 
speeding of waterwheel generators. This problem has also 
been encountered by the Niagara Falls Power Company who have 
had lightning arresters fail due to the rise in voltage on dropping 
ofload. Tests have shown that with load suddenly dropped, the 
generator voltage has increased from 12,000 to 21,000 volts. 
There was an instantaneous increase up to about 30 per cent 
above normal voltage. An over-voltage relay has been used to~ 
correct this difficulty, and the primary relay of the standard 
induction feeder regulator has been used as the voltage relay. 
This relay operates in about ten ¢ycles of a 25-cycle system, and 
has been set to operate at 30 per cent above normal voltage. 

- At the Mitchell Dam plant of the Alabama Power Company, 
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the combination of over-voltage and over-frequency relays is 
used. 

W.F. Dawson: There seems to be a difference in practise in 
respect to waterwheel governing. We in this country do not, 
so far as I know, provide by-passes to the penstock. Therefore 
it is necessary to have the governors operate very slowly. Other- 
wise the inertia of the water column would destroy the penstock. 
I do not know how far they have earried the practise, but I 
happened to be in England about eighteen years ago when a 
prominent London firm was asking for tenders for d-c. generators 
to be connected with water-wheels at the Lockleven plant of the 
British Aluminum Company. Following our American practise, 
I designed the proposed d-c. generators for about 50 per cent 
overspeed. It is the custom of consulting engineers in this coun- 
try to require that generators and water-wheels be perfectly 
safe from mechanical overspeed stresses, at the anticipated run- 
away speed of the water-wheels. I told the consulting engineer 
that we had made such provision in the machines upon which 
we were tendering, and he was surprised. 

He said, ‘‘We do not have to allow for that. Our waterwheel 
builders provide by-passes about the penstock, so that the 
governors can operate with sufficient rapidity to prevent over- 
speeding.’ 

That is the only case I have ever had brought to my attention 
suggesting that by-passes were provided. If any waterwheel 
designers are here, we should have information from them, be- 
cause it is certainly a tremendous handicap to the designers of 
generators for waterwheel plants, not to speak of the bad effect 
on over-voltage, to have to provide for from 50 to 75 per cent 
over-speed. 


I realize, of course, that by-passes mean increased capital 
account, but the high over-speeding that has to be provided for 
also means big increase in the cost, not to speak of the disad- 
vantage due to high over-voltage. 


H. C. Don Carlos: I should like to correct the impression 
which might be gained from the last remarks, which intimate 
that pressure-regulating valves are not commonly used in this 
country. I think that a large majority of the high-head plants in 
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this country are designed to use relief valves which are operated 
from the governor mechanically to give a by-pass in the ease of 
heavy load rejections, which would tend to produce a heavy pres- 
sure rise in the penstock. 

There is another factor which I believe has not been mentioned 
in the paper or the discussion, which should not be overlooked in 
a consideration of the over-speed of hydroelectrie units, that is, 
the characteristic of the Francis-type turbine itself, which pro- 
tects it against an over-speed of more than 65 to 70 per cent. 
Without any governors at all, most water wheels of this type will 
not attain an over-speed of more than 65 to 70 per cent on ac- 
count of the choking of the water in the wheel. 


E. J. Burnham: It has been suggested that resistance might 
be placed in the exciter field, and also in the generator field, in 
order to check the rise of voltage on a generator that has lost 
load. ‘ 


Curve a, Fig. 9, of the paper shows the way generator voltage 
decreases when resistance is placed in the exciter field circuit. 
As the resistance in the field cireuit is increased, Curve a ap- 
proaches Curve b as the limit. 


The results: of inserting resistance in the generator field 
circuit at the time of dropping load would be represented by a 
curve lying between Curve 6 and Curve c¢, of Fig. 9. The method 
of inserting resistance in the generator field circuit could easily 
be adopted in cases where face-plate regulators are used. 


Regarding the time of reaching maximum speed, after full © 
load has been dropped, the time of three seconds is not uncom- 
mon on waterwheels of ordinary design, as shown by Curve D, of 
Typical Water Wheel Characteristics, Fig. 16. 

The water-turbine characteristic curves shown by Fig. 16 
apply, in a general way, to water turbines of different sizes, and 
used under different conditions, because, taking into considera- 
tion the different factors, such as size of turbine, length of pen- 
stock, and W R? of revolving parts, the results will be approxi- 
mately the same in any ease. 

In accordance with Mr. Don Carlos’ remarks, by-passes are 
commonly used in this country for stations having high heads. 


The Loaded Submarine Telegraph Cable 


BY OLIVER E. BUCKLEY: 


Member, A. I. E. E. 


Synopsis.—With an increase of traffic carrying capacity of 
800 per cent over that of corresponding cables of the previous art, 
the New York-Azores permalloy-loaded cable marks a revolution 
in submarine cable practise. This cable represents the first practical 
application of inductive loading to transoceanic cables. The 
copper conductor of the cable is surrounded by athin layer of the new 
magnetic material, permalloy, which serves to increase its inductance 
and consequently its ability to transmit a rapid succession of 
telegraph signals. 


This paper explains the part played by loading in the operation of 
a cable of the new type and discusses some of the problems which 
were involved in the development leading up to the first commercial 
installation. Particular attention is given to those features of the 
transmission problem wherein a practical cable differs from the 
ideal cable of previous theoretical discussions. 

Brief mention is made of means of opzrating loaded cables and 


the possible trend of future development. 
* * * * * 


HE announcement on September 24, 1924, that 
ale an operating speed of over 1500 letters per minute 

had been obtained with the new 2300-mile New 
York-Azores permalloy-loaded cable of the Western 
Union Telegraph Company brought to the attention 
of the public a development which promises to revolu- 
tionize the art of submarine cable telegraphy. This 
announcement was based on the result of the first test 
of the operation of the new cable. A few weeks later, 
with an improved adjustment of the terminal ap- 
paratus, a speed of over 1900 letters per minute was 
obtained. Since this speed represents about four 
times the traffic capacity of an ordinary cable of the 
same size and length, it is clear that. the permalloy- 
loaded cable marks a new era in_ transoceanic 
communication. 


Fic. 1—PERMALLOY-LOADED CABLE 


Above, section of deep sea type showing construction. 
Below, section of core showing permalloy tape partly unwound. 


The New York-Azores cable represents the first 
practical attempt to secure increased speed of a long 
submarine telegraph cable by inductive loading and it 
is the large distributed inductance of this cable which 
is principally responsible for its remarkable perform- 
ance. This inductance is secured by surrounding the 
conductor of the cable with a thin layer of permalloy. 
Fig. 1 shows the construction of the deep sea section of 
the cable. In appearance it differs from the ordinary 
type of cable principally in having a permalloy tape, 
0.006 in. thick and 0.125 in. wide, wrapped in a close 
helix around the stranded copper conductor. 

Permalloy, which has been described by Arnold and 


1. Bell Telephone Laboratories, Inc. 


Presented at the Annual Convention of the A. I. E. E., 
Saratoga Springs, June 22-26, 1926. 


Elmen’, is an alloy consisting principally of nickel and 
iron, characterized by very high permeability at low 
magnetizing forces. The relative proportion of nickel 
and iron in permalloy may be varied through a wide 
range, or additional elements, as for example, chromium, 
may be added to secure high resistivity or other 
desirable properties. On account of its extremely 
high initial permeability, a thin layer of permalloy 
wrapped around the copper conductor of a cable 
greatly increases its inductance even for the smallest 
currents. 


In the case of the New York-Azores cable the 
permalloy tape is composed of approximately 78% 
per cent nickel and 211% per cent iron and gives the 
cable an inductance of about 54 millihenries per nautical 
mile. An approximate value of the initial permeability 
of the permalloy in that cable may be obtained by 
assuming the helical tape replaced by a continuous 
cylinder of magnetic material of the same thickness. 
This material would have to have a permeability of 
about 2300? to give the observed inductance. A better 
appreciation of the extraordinary properties of the new 
loading material may be obtained by comparing this 
permeability with that which has previously been 
obtained with iron as the loading material. The Key 
West-Havana telephone cables are loaded with 0.008- 
in. diameter soft iron wire. The permeability of this 
wire, which was the best which could be obtained 
commercially when that cable was made, is only about 
115, oz approximately one-twentieth of that of the perm- 
alloy tape of the New York-Azores cable. 


The proposal to use permalloy loading to increase the 


2. Journ. Franklin Inst., Vol. 195, pp. 621-632, May 1923. 


3. The true initial permeability is slightly higher. To com- 


pute it, account must be taken of the fact that, contrary to what . 


has been sometimes assumed, the magnetic lines of induction in 
the tape do not form closed loops around the wire but tend to 
follow the tape in a helical path. The pitch of the helical path of 
the lines of induction is slightly less than that of the permalloy 
tape with the result that a line of induction takes a number of 
turns around the conductor, then crosses an airgap between two 
adjacent turns of tape and continues along the tape to a point 
where it again slips back across an airgap. O. E. Buckley, 
British Patent No. 206,104, March 27, 1924; also K. W. Wagner, 
E.N.T., Vol. 1, No. 5, p. 157, 1924. 
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speed of long telegraph cables was one outcome of an 
investigation undertaken by the author, soon after 
the war, to determine whether some of the new methods 
and materials developed primarily for telephony might 
not find important application to submarine telegraphy. 
In the subsequent development of the permalloy loaded 
cable a large number of new problems, both theoretical 
and practical, had to be solved before the manufacture 
of a cable for a commercial project could be undertaken 
with reasonable assurance of success. The problems 
encountered were of three principal kinds. First wasthat 
of the transmission of signals over a cable having the 
characteristics of the trial conductors made in the 
laboratory. Although the theory of transmission over 
a loaded cable had been previously treated by others, 
the problem considered had been that of an ideal loaded 
cable with simple assumptions as to its electrical 
constants and without regard to the practical limita- 
tions of areal cable. The second class of problems had 
to do with the practical aspects of design, manufacture, 
and installation. In this connection an extensive 
series of experiments was conducted to determine the 
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Fig. 2—Trst MressaGE—WESTERN UNION New YoOrRK-AZORES 
PERMALLOY LOADED CABLE 


Sent from Horta (Azores) and received at New York November 14, 1924. 


Speed—1920 letters per minute. 
Recorded with special high speed siphon recorder. 


means required to secure, at the ocean bottom, the 
characteristics of the laboratory samples on which the 
transmission studies were based. Among the numerous 
problems which arose in this connection were those 
concerned with protecting the copper conductor from 
any possible damage in the heat-treating operation 
which was necessary to secure the desired magnetic 
characteristics, and those concerned with protecting 
the strain-sensitive permalloy tape from being damaged 
by submerging the cable to a great depth. The third 
class of problems had to do with terminal apparatus and 
methods of operation. The prospective speed of the 
new cable was quite beyond the capabilities of standard 
cable equipment and, accordingly, new apparatus and 
operating methods suited to the loaded cable had to 
be worked out. In particular it was necessary to 
develop and construct instruments which could be used 
to demonstrate that the speed which had been pre- 
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dicted could actually be secured. The success of the 
investigations along all three lines is attested by the 
results which were obtained with the New York- 
Azores cable. Fig. 2 shows a section of cable recorder 
slip, the easily legible message of which was sent from 
Horta, Fayal, and received at New York at a speed of 
1920 letters per minute. 

It is principally with regard to the first. of these 
classes of problems, that of the transmission of signals, 
that the following discussion is concerned. No attempt 
will be made here to discuss the details of design and 
development of the physical structure of the cable, nor 
will there be given a detailed description of the oper- 
ating results or how they were obtained; these subjects 
must be reserved for later publication. It is desired 
in what follows to explain how inductive loading 
improves the operation of a submarine cable and to 
point out some of the problems concerned with the 
transmission of signals which had to be considered in 
engineering the first long loaded cable. 

In order to understand the part played by loading in 
the transmission of signals, it is desirable first to review 
briefly the status of the cable art prior to the introduc- 
tion of loading, and to consider the factors then limiting 


‘cable speed and the possible means of overcoming them. 


A cable of the ordinary type, without loading, is 
essentially, so far as its electrical properties are con- 
cerned, a resistance with a capacity to earth distributed 
along its length. Although it does have some induct- 
ance, this is too small to affect transmission at ordinary 
speeds of operation except on cables with extremely 
heavy conductors. The operating speed of a non- 
loaded, cable is approximately inversely proportional 
to the product of the total resistance by the total 
capacity; that is, 
k 
ier 


where C is capacity and R resistance per unit length, 
and | is the length of the cable. The coefficient, k, is 
generally referred to as the speed constant. It is, of 
course, not a constant since it depends on such factors 
as terminal interference and method of operation, but 
is a convenient basis for comparing the efficiency of . 
operation of cables of different electrical dimensions. 
As the technique of operating cables has improved, the 
accepted value of k has increased, its value, at any 
time, being dependent on the factor then limiting the 
maximum speed obtainable. This factor has, at times, 
been the sensitiveness of the receiving apparatus, at 
other times, the distortion of signals, and inrecent years, 
interference. During a great part of the history of 
submarin » cable telegraphy, distortion was considered 
the factor which limited the speed of operation of long 
cables and on this account most of the previous dis- 
cussions of submarine cable transmission have been 
concerned principally with distortion and means for 
correcting it. As terminal apparatus was gradually 
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improved, means of correcting distortion were developed 
which practically eliminated distortion as an important 
factor in the operation of long cables. With distortion 
thus eliminated, the speed was found to be limited 
principally by the sensitiveness of the receiving ap- 
paratus. This limit was, however, in turn eliminated 
by the development of signal magnifiers. During 
recent years, in which numerous cable signal magnifiers 
have been available and methods of correcting dis- 
tortion have been understood, the only factor limiting 
cable speed has been the mutilation of the feeble 
received signals by interference. Most cables are 
operated duplex, and in these, the speed is usually 
limited by interference between the outgoing and 
incoming signals. In cables operated simplex, and also 
in cables operated duplex where terminal conditions are 
unfavorable, speed is limited by extraneous interference 
which may be from natural or man-made sources and 
which varies greatly in different locations. The 
strength of the received current must, in either case, 
be great enough to make the signals legible through 
the superposed interference current. Owing to the 
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rapidity with which the received signal amplitude is 
. decreased as the speed of sending is increased, the 
limiting speed is quite sharply defined by the inter- 
ference to which the cable is subject. ‘ 
With the speed of operation thus limited, there were 
two ways in which the limiting speed could be increased ; 
the interference could be reduced, or the strength of 
signals made greater. No great reduction in inter- 
ference due to lack of perfect duplex balance could be 
expected, as balancing networks had already been 
greatly refined. Extraneous interference in certain 
cases could be reduced by the use of long, properly 
terminated sea-earths. The signal strength could be 
increased either by increasing the sending voltage or by 
decreasing the attenuation of the cable. Nothing at-all 
is gained, however, by increasing the voltage in duplex 
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operation where lack of perfect duplex balance limits 
the speed, and in simplex operation any gain from rais- 
ing the voltage is obtained at the cost of increased risk 
to the cable, the sending voltage being usually limited to 
about 50 volts by considerations of safety. The at- 
tenuation of the cable could be reduced and the strength 
of the signal increased by use of a larger copper con- 
ductor or by using thicker or better insulating material. 
None of these possible improvements, however, seemed 
to offer a prospect of very radical advance in the art. 
In telephony, both on land and submarine lines, an 
advantage had been obtained by adding inductance‘ 
in either of two ways, by coils inserted in series with the 
line or by wrapping the conductor with a layer of iron. 
The insertion of coils in a long deep-sea cable was prac- 
tically prohibited by difficulties of installation and 
maintenance. Accordingly, only the second method of 
adding inductance, commonly known as continuous 
loading, could be considered for a transoceanic tele- 
graph cable and it is primarily with regard to continuous 
loading that the following discussion is concerned. 
Most of the proposals to load telegraph cables have 
had the object of reducing, or eliminating, distortion, 
and accordingly most of the mathematical treatments 
of Joading have been from that point of view. The 
reduction of distortion is, however, not the only benefit 
to be obtained from loading and, in fact, may not 
always be secured in the high-speed operation of a 
loaded cable. The principal benefit of loading from 
the practical standpoint is to decrease the attenuation 
of the signals so that for a given frequency more cur- 
rent will be received or so that the minimum permis- 
sible current may be received with a greater speed of 
signaling. From the mathematical standpoint, there 
are two ways of treating the problem of the loaded 


4. The idea of improving the transmission of signals over a 
line by adding distributed inductance to it originated with 
Oliver Heaviside in 1887, (Electrician, Vol. XIX, p. 79, and 
Electromagnetic Theory, Vol. 1, p. 441, 1893), who was the first 
to call attention to the part played by inductance in the trans- 
mission of current impulses over the cable. He suggested, as a 
means for obtaining increased inductance, the use of iron as a 
part of the conductor or of iron dust embedded in the gutta 
percha insulation. He also proposed inserting inductance coils 
at intervals in a long line. Other types of coil loading were 
proposed by S. P. Thompson (British Patent. 22,304—1891, and 
U.S. Patents 571,706 and 571,707—1896), and by C. J. Reed 
(U.S. Patents 510,612 and 510,618—1893). M. I. Pupin 
(A. I. H. E. Trans., Vol. XVI, p. 98, 1899, and Vol. XVII, p. 445, 
1900) was the first to formulate the eriverion on the basis of which 
coil loaded telephone cables could be designed. Continuous 
loading, by means of a longitudinally discontinuous layer of 
iron covering the conductor, was proposed by J. 8. Stone in 1897 
(U.S. Patent 578,275). Breisig (HF. T. Z., Nov. 30, 1899) sug- 
gested the use of an open helix of iron wire wound around the 
conductor and Krarup (H. 7. Z., April 17, 1902) proposed using a 
closed spiral so that the adjacent turns were in contact. J. H. 
Cuntz (U.S. Patent 977,713 filed Mareh 29, 1901) proposed 
another form of continuous loading. Recent general discussion 
of loaded telegraph cable problems has been given by Mal- 
colm (Theory of Submarine Telegraph and Telephone Cable, 
London, 1917), and by K. W. Wagner, (E.N. T., Oct. 1924). 
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cable: first, with regard to the transmission of a tran- 
sient impulse, and second, with regard to setting up 
steady alternating currents of definite frequency. In 
the ultimate aralysis the solution of either problem 
can be got from the other. However, for practical pur- 
poses they are two distinct means of attack. The choice 
of theone to beused depends on the object to be secured. 
If one is concerned primarily with the effect of the cable 
on the wave shape of the signal transmitted over it, it is 
fairly obvious that the transient treatment has ad- 
vantages. If, however, one is concerned only with the 
strength of the received signal, as is the case if there 
is assurance that the signal shape can, in any event, be 
corrected by terminal networks, then the steady state 
treatment is sufficient and much more convenient to 
apply. Inthe case of the real loaded cable the complete 
transient solution is extremely complex and the steady 
state treatment relatively simple. The solution of the 
transient problem of an ideal loaded cable is, however, 
very valuable to give a physical picture of how induct- 
ive loading aids the high speed transmission of signals. 
The transient solution of the problem of an ideal 
heavily loaded cable has been worked out by Malcolm: 
and more rigorously by Carson,’ who have determined 
the curve showing the change of current with time at one 
end of the cable if a steady e. m. f. is applied at zero 
time between the cable and earth at the distant end. 
Such a curve is called an “arrival curve” and for an 
ideal loaded cable comprising only constant distributed 
resistance, capacity and inductance may have a form 
like that shown in Curve 6 of Fig. 3, which is to be com- 
pared with Curve a, which is the arrival curve of a non- 
loaded cable. The straight, vertical part of Curve b 
represents the “‘head” of the signal wave which has 
traveled over the cable at a definite speed and with 
diminishing amplitude. The definite head of the ar- 
rival curve is the most striking characteristic difference 
between the ideal loaded and the non-loaded cable. 
In the latter, as is evident from Fig. 3, the current at the 
receiving end starts to rise slowly almost as soon as the 
key is closed at the transmitting end. When an 
_e. m. f. is applied to the sending end of the non-loaded 
cable, a charge spreads out rapidly over the whole 
length, the receiving end charging up much more slowly 
than the sending end on account of the resistance of the 
intervening conductor. Hence, if a signal train, con- 
sisting of rapidly alternating positive and negative 
impulses, is applied to the sending end, the effect at the 
receiving end of charging the cable positively is wiped 
out by the succeeding negative charge before there has 
been time to build up a considerable positive potential 
and the successive alternating impulses thus tend to 
annul each other. In the loaded cable the effect of 
inductance is to oppose the setting up of a current and to 
maintain it once it has been established, and thus to 


5. Theory of the Submarine Telegraph and Telephone Cable, 
London, 1917. 
6. Trans. A. I.E. E., Vol. 38, p. 345, 1919. 
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maintain definite wave front as the signal impulse 
travels over the cable. Hence, with inductive loading, 
the strength and individuality of the signal impulses are 
retained and a much higher speed of signaling is possible. 
It should be noted that by speed of signaling is meant 
the rapidity with which successive impulses are sent 
and not the rate at which they travel over the cable. 
This speed of travel is actually decreased by the addi- 
tion of inductance, about one third of a second being 
required for an impulse to traverse the New York- 
Azores cable from end to end. 

It should be noted that Curve 6} of Fig. 3 is for 
an ideal loaded cable in which the factors of resistance, 
capacity, and inductance are constant. In a real loaded 
cable none of these factors are constant and the arrival 
curve cannot be simply and accurately computed. 
Even the capacity which is usually assumed as con- 
stant for real cables, varies appreciably with frequencies 
in the telegraph range, and, owing to the fact that gutta 
percha is not a perfect dielectric material, its conduct- 
ance, which is also variable with frequency, must be 
taken-into account. Although the inductance of the 
cable is substantially constant for small currents of low 
frequency, it is greater for the high currents at the. 
sending end of the cable on account of the increase of 
magnetic permeability of the loading material with 
field strength and is less at high frequencies than at low 
on account of the shielding effect due to eddy currents. 
The resistance is highly variable since, in addition to 
the resistance of the copper conductor, it comprises 
effective resistance due to eddy currents and hysteresis 
in the loading material, both of which vary with fre- 
queney and current amplitude. Furthermore, there 
is variable inductance and resistance in the return 
circuit outside the insulated conductor which must be 
taken into account. Although it is very difficult to 
compute the exact arrival curve of a cable subject to 
all of these variable factors, an approximate calculation 
in a specific case, like that of the New York-Azores 
cable, shows that the arrival curve has the general shape 
of Curve c of Fig.3. It will benoticed that although this 
arrival curve lacks the sharp definite head, character- 
istic of the ideal loaded cable, it still has a relatively 
sharp rise and that the time required for the impulse 
to traverse the cable is not greatly different from that 
of the ideal loaded cable. 

Although it is difficult to take exact account of the 
variable characteristics of the loaded cable in the solu- 
tion of the transient problem, it is easy to take account 
of them in the steady state or periodic analysis by 
means of well-known methods. If a steady sinusoidal 
voltage, V,, is applied at one end of the cable, the 
resulting voltage, V,, at the distant end, will be given 
by the equation 


Vek Ven 


where / is the length, P the propagation constant of the 
cable, and & a constant which depends on the terminal 
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impedance and which is unity in case the cable is 
terminated at the receiving end in its so-called charac- 
teristic impedance. The propagation constant is 
given by the formula, 


P=JS(R+1pL)(G+ipC) =a+iB 
where £ is the resistance, L is the inductance, G is the 
leakance, C is the capacity per unit length, and p 
is 27 times the frequency. The real part of the 
propagation constant, a, is called the attenuation 
constant and the imaginary part, 8, the wave length 
constant. By separating a and 6, the amplitude and 
phase displacement of the received voltage relative to 
the sent voltage may be computed for any particular 
frequency and the behavior of a complex signal train 
may be worked out by analyzing it into its Fourier 
components and treating them separately. The phase 
shift is, however, of importance mainly as regards the 
shape of the received signals, and their amplitude may, 
in general, be obtained from the attenuation constant 
alone. Thus if it is known that the signal shape can, 
in any case, be corrected by terminal networks, there 
is no need to be concerned with more than the attenua- 
tion constant to compute the speed of the cable. 

In the case of a cable of the permalloy-loaded type, 
a@ is given with an approximation’ sufficiently close for 
the purposes of this discussion by the equation 


Aeetp hen} G 
a aN (R Ga 1) 
For the purpose of computing R, it is convenient to 
separate it into its components, giving 
WS NG G 
a Na rs (RRR L) 


R. = copper resistance per unit length 

R,. = eddy current resistance per unit length 
R, = sea return resistance per unit length 
RF), = hysteresis resistance per unit length 


The copper resistance, R., is that determined by a 
direct-current measurement of the loaded conductor, 
since the resistance of the loading tape is so high and 
its length is so great that the current flowing longitudi- 
nally through it may be safely neglected. 

The eddy current resistance, R,, is given approxi- 
mately by the formula, 


a mp ef? 
*  spid=2 


where ¢ is the thickness or diameter of the loading tape 
or wire, dis the outside diameter of the loaded conductor, 
fisthe frequency, pis the resistivity of the loading mate- 
rial, u is its magnetic permeability, and mis a constant 
which depends on the form of the loading material and 
is, in general, greater for- tape than for wire load- 


7. For accurate computation of attenuation the complete 
formula for @ must be used. 
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ing. Although it is possible to compute a value of 
m, the value found in practise is always larger than the 
theoretical value, which is necessarily based on simple 
assumptions and does not take into account such a 
factor as variation of permeability through the cross- 
section or length of the loading material. Accordingly, 
it is necessary for any particular type of loaded con- 
ductor to determine m experimentally. 

The sea-return resistance may safely be neglected 
in the computation of slow speed non-loaded cables, 
but it is a factor of great consequence in the behavior 
of a loaded cable. By sea-return resistance is meant 
the. resistance of the return circuit including the effect 
of the armor wire and sea water surrounding the core 
of the cable. Although the exact calculation’ of this 
resistance factor is too complex to be discussed here, 
the necessity of taking it into account may be quite 
simply explained. Since the cable has a ground return, 
current must flow outside the core in the same amount 
as in the conductor. The distribution of the return 
current is, however, dependent on the structure of the 
cable as well as on the frequencies involved in signaling. 
If a direct current is sent through a long cable with the 
earth as return conductor, the return current spreads 
out through such a great volume of earth and sea 
water that the resistance of the return path is negligible. 
On the other hand, if an alternating current is sent 
through the cable, the return current tends to con- 
centrate around it, the degree of concentration in- 
creasing with the frequency. With the return current 
thus concentrated the resistance of the sea water is of 
considerable consequence. It is further augmented by 
a resistance factor contributed by the cable sheath. 
This may be better understood by considering the 
cable as a transformer of which the conductor is the 
primary and the armor wire and sea water are each 
closed, secondary circuits. Obviously, the resistances 
of the secondary circuits of armor wire and sea water 
enter into the primary circuit and hence serve to in- 
crease the attenuation. The presence of the armor 
wires may thus be an actual detriment to the trans- 
mission of signals. 

To take account of the hysteresis resistance, R;, 
and also of the increased inductance and eddy current 
resistance at the sending end of the cable, it is most 
convenient to compute the attenuation of the cable for — 
currents so small that R, may be safely neglected. The 
attenuation thus computed is that which would be 
obtained over the whole cable if a very small sending 


sending end for the desired sending voltage may then 
be approximated by computing successively from the 
sending end the attenuation of short lengths of cable 
over which the current amplitude may be considered 
constant, the attenuations of separate lengths being 
added together to give the attenuation of that part of 


8. See Carson and Gilbert, Jour. Franklin Inst., Vol. 192, 
p. 705, 1921, and Electrician, Vol. 88, p. 499, 1922. 
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the cable in which hysteresis cannot be neglected. In 
this computation, account must, of course, be taken of 
the increased inductance and eddy current resistance 
accompanying the higher currents at the sending end. 

Having calculated or obtained by measurement the 
several resistance factors, and knowing the capacity, 
leakance, and inductance, the whole attenuation of a 
cable for any desired frequency may be computed and a 
curve drawn showing the variation of received current 
with frequency for a given sending voltage. This 
relation for a particular case is shown in Curve ¢ of 
Fig. 4. Curve a shows, for comparison, the relation 
between frequency and received current of a non-loaded 
cable of the same size, that is, a cable having a conductor 
diameter the same as that of the loaded conductor and 
having the same weight as gutta percha. Curve b shows 


MICROAMPERES 


Ga Viel ona 


30 40 50 70 ~©80 
CYCLES PER SECOND 
Fic. 4—REcEIVED CURRENT Vs. FREQUENCY 


a. Non-loaded cable 
b. Ideal loaded cable 
ce. Real loaded cable 


the behavior of an ideal loaded cable having the same 
inductance, capacity, and d-c. resistance as the real 
- loaded cable of Curve c, but in which the leakance 
and alternating current increments of resistance are 
assumed to be zero. 

Now, if the level of interference through which the 
current must be received is known, the maximum speed 
of signaling for the loaded cable may be obtained from 
Curve c. It is that speed at which the highest fre- 
quency necessary to make the signals legible is received 
with sufficient amplitude to safely override the super- 
posed interference. Just what the relation of that 
frequency is to the speed of signaling cannot be defi- 
nitely stated, since it depends on the method of oper- 
tion and code employed as well as on the desired per- 
fection of signal shape. J. W. Milnor’ has suggested 
that for cable code operation and siphon recorder 
reception a fair value is about 1.5 times the fundamental 


9. Journat A. I. E: E., Vol. 41, p. 118, 1922; Transactions 
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frequency of the signals, that is, the fundamental 
frequency when a series of alternate dots and dashes 
is being sent. 

By referring again to the equation for a, it can now be 
explained why high permeability is a necessary char- 
acteristic of the loading material if benefit is to be 
obtained from continuous loading. The addition of 
the loading material has two oppositely directed effects; 
on the one hand it tends to improve transmission by 
increasing the inductance and consequently decreasing 
the attenuation, and on the other hand it tends to 
increase the attenuation by increasing the effect of 
leakance and by the addition of resistance. Not only 
are the hysteresis and eddy-current factors of resistance 
added by the loading material, but it must also be 
looked on as increasing either the copper resistance or 
the capacity on account of the space it occupies. Gen- 
erally it is more convenient to look on the loading ma- 
terial as replacing some of the copper conductor in the 
non-loaded cable with which comparison is made, 
since by so doing all of the factors outside of the 
loaded conductor are unchanged. Now, if the loading 
material is to be of any benefit, the decrease in attenu- 
ation due to added inductance must more than offset 
the increase due to added resistance, including the added 
copper resistance due to the substitution of loading 
material for copper. In the limiting case the lowest 
permeability material which will show a theoretical 
advantage from this point of view is that which, as 
applied in a vanishingly thin layer, gives more gain 
than loss. For any particular size and length of cable 
there is a limiting value of permeability which will 
satisfy this condition, this limiting value being greater 
the longer the cable and the smaller the diameter of its 
conductor.!° For transatlantic cables of sizes laid prior 
to 1923, the minimum initial permeability required to 
show an advantage is higher than that of any ma- 
terial known prior to the invention of permalloy. Ac- 
tually a considerably higher permeability than this 
theoretical minimum was, of course, required to make 
loading an economic advantage, since there are practi- 
cal limits to the thickness of loading material and 
since the cost of applying it has also to be taken into 
account. Further, there are limits on methods of 
operation, imposed by loading, which necessitate still 
higher permeability to make loading worth while. 

Since the addition of loading has two opposite ten- 
dencies in its effect on attenuation, the practical design 
of the cable must be based on a compromise between 
them. Thus, to secure the maximum gain from load- 
ing a cable of a given size, the loading material should 
be chosen of such a thickness that the gain due to in- 
creased inductance from a slight increase of thickness 
just offsets the loss due to increased resistance and 
dielectric leakance. In practise, of course, economic 
considerations of the cost of various thicknesses of load- 
ing must also be taken into account. 


10. O.E. Buckley, British Patent No. 184,774, 1923. 
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In designing the New York-Azores cable some 
assumption had to be made as to the extraneous inter- 
ference which would be encountered. Theoretical 
considerations led to the belief that the loaded cable 
would be no more subject to external interference than 
non-loaded cables. It even appeared that it would 
be less affected by some types of interference, for, owing 
to the shorter wave length for a given frequency, a 
disturbance which affects a great many miles of cable 
simultaneously is less cumulative in its effect at the 
terminal of a loaded than a non-loaded cable. A 
reasonable assumption seemed to be that the total 
overall attenuation which could be tolerated for the 
loaded cable was at least as great as that which expe- 
rience had shown to be permissible for simplex operation 
of non-loaded cables. Of course, this maximum per- 
missible attenuation depends on conditions of terminal 
interference, and no fixed value can be given as appli- 


cable to all cables. However, for average conditions of. 


terminal interference in locations free from power-line 
disturbances, and where the cable lies in relatively 
deep water near to its terminal landing, a reasonable 
value of total attenuation constant for the fundamental 
frequency of cable code is about 10 (86.9 T. U.) for 
recorder operation and about 9 (78.2 T. U.) for relay 
operation. These were the approximate values as- 
sumed for the New York-Azores cable and later ex- 
perience has demonstrated that they were well justified. 


Throughout all of the preceding discourse, it has been 
assumed that the relation between attenuation and 
terminal interference would limit the speed of simplex 
operation, rather than that distortion of signal shape 
would be the limiting factor. Although this is, in fact, 
the case with non-loaded cables," it was not self-evident 
as regards the loaded cable, and to make reasonably 
certain that the speed could be determined from the 
attenuation-frequency relation required a demonstra- 
tion that the signal distortion of a real loaded cable 
could be corrected by suitable terminalapparatus. One 
of the merits long claimed for loading was that it would 
reduce distortion and, indeed, an ideal loaded cable 
with constant inductance and without magnetic hy- 
steresis, eddy current loss, dielectric leakance, and 
sea-return resistance would have very little distortion 
and would give a speed limited only by terminal 
apparatus. 
ance of which varies with both current and frequency 
and in which all the above noted resistance factors 
are present, may give, and in general will give when 
operated at its maximum speed, greater distortion 
of signals than a non-loaded cable. 


To solve the question of distortion on a purely 
theoretical basis required consideration of the trans- 


11. Recent work of J. R. Carson (U.S. Patent 1,315,539— 
1919) and R. C. Mathes (U.S. Patent 1,311,283—1919) has 
shown that with the combined use of vacuum tube amplifiers and 
distortion correcting networks, distortion in non-loaded cables 
can be compensated to any desired degree. 
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However, a real loaded cable, the induct- 
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mission of a transient over the loaded cable. This was 
made extremely difficult by the existence of numerous . 
possible causes of signal distortion, the effects of which 
could only be approximated in the solution of the tran- 
sient problem. In addition to the distortion resulting 
from the rapid increase of attenuation with frequency 
due to the various sources of a-c. losses, distortion pecu- 
liar to the magnetic characteristics of the loading 
material had also to be taken into account. There 
are several types of magnetic distortion worthy of con- 
sideration. First, there is the production of harmonics 
as a result of the non-linear magnetization curve of the 
loading material; second, there is a possible asymme- 
trical distortion due to hysteresis, and third, thereisa __ 
possible modulation resulting from the superposition of 
one signal upon another, which is, in effect, a modula- __ 
tion of the head of the wave of one impulse by the tail of i 
the wave of a preceding impulse. The first two ofthese 
are effective at the sending end of the cable and the 
third near the receiving end. 

A computation of distortion, including the peculiar | 
magnetic effects, by a steady state, a-c.method,basedon __ 
measurements of short loaded conductors, indicated 
that the cable should operate satisfactorily with or- i 
dinary sending voltages. Further evidence that none 
of these various types of distortion would be of serious 
consequence, and that the distortion of a loaded cable 
could be corrected by terminal apparatus, was obtained 
by experiments with an artificial line constructed to 
simulate closely, as regards electrical characteristics, the 
type of loaded conductor with which experiments were 
then being made. This artificial line was loaded with 
iron-dust core coils, which admirably served the 
purpose, not only as regards inductance and a-c. 
resistance but also as regards magnetic distortion. 
Iron dust is, of course, very different from permalloy in — 
its magnetic characteristics. But owing to the large 
number of turns on a coil, it is operated at much higher 
field strengths and on a part of the magnetization curve 
corresponding approximately to that at which permalloy 
is operated on the cable. In fact the case for magnetic 
distortion was a little worse on the artificial line than in 
the then proposed cable. Fig. 5 showsan illustration 
of the artificial line, the coils of which are in the large 
iron pots and the resistance and paper-condenser 
capacity units of which are in the steel cases. This 
line was equivalent to a 1700-nautical-mile cable, 
loaded with 30 millihenries per nautical mile, and over 
it, legible signals were secured at speeds up to more — 
than 2600 letters per min. Such a speed of operation 
was quite beyond the range of the then available tele- 
graph instruments, and accordingly special transmit- 
ting and receiving instruments were required. The 
multiplex distributor, of the Western Electric printing- 
telegraph system, proved an excellent transmitter for 
experimental purposes, and for receiving, use was made 
of a combined vacuum-tube amplifier and signal-shap- 
ing network, the signals being recorded on a string 
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oscillograph. Fig. 6 shows part of a test message 
received over the loaded artificial cable at a speed of 
2240 letters per min. 

The results of the tests with the artificial loaded 
cable were entirely in agreement with the author’s 
calculations, and showed that it was possible to obtain 
satisfactory signal shape with a coil loaded cable having 
a-c. resistance and distortion factors approximating 
those of the permalloy loaded cable. The exact 


Fig. 5—Loapep ARTIFICIAL LINE 


behavior of the proposed cable, including such factors as 
sea-return resistance and a somewhat variable dis- 
tributed inductance, could not, of course, be duplicated 
without prohibitive expense. The approximation was 
considered, however, to be sufficiently good to justify 
proceeding with a loaded cable installation so far as 
questions of signal shaping were concerned. It is 
interesting to note that the factor which limited the 
operating speed of the artificial loaded cable was one 
- which is not present in a continuously loaded cable but 
which possibly would be a serious factor in the operation 
of a coil loaded cable, namely, the oscillations”? resulting 
from the finite size and separation of the inductance 
units. 

With the completion of the artificial loaded cable 
tests, there was still one principal question of transmis- 
sion which had to remain unanswered until a cable had 
been installed. This was the question of balancing the 
cable for duplex operation. Ordinary submarine cables 
are generally operated duplex, the total speed in the 
two directions being usually from about 1.3 to 2 times 
the maximum simplex or one-way speed. Except in 
cases where the external interference is very bad, the 
limiting speed of duplex operation is determined by the 
accuracy with which an artificial line can be made the 


12. Carson, Trans. A. I. E. E., Vol. 38, p. 345, 1919. 
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electrical equivalent of the cable. Ordinarily, the 
artificial line is made up only of units of resistance and 
capacity arranged to approximate the distributed 
resistance and capacity of the cable. Sometimes 
inductance units are added to balance the small induct- 
ance which even a non-loaded cable has. In the 
actual operation of cables, artificial lines are adjusted 
with the greatest care and a remarkable precision of 
balance is obtained. This is necessary because of the 
great difference in current amplitude of the outgoing 
and incoming signals, the former being of the order of 
10,000 times the latter. It is quite obvious that it will 
be much more difficult to secure duplex operation with a 


loaded cable than with one of ordinary type,-since not 


only do the copper resistance and the dielectric capacity 
have to be balanced, but the artificial line must also be 
provided with inductance and a-c. resistance. Also 
the sea-return resistance and inductance which vary 
with frequency must be balanced. 

In view of these difficulties, it will probably be 
impossible to get as great a proportionate gain from du- 
plex operation of loaded cables as is secured with ordi- 
nary cables. However, it is quite evident that it will be 
possible to obtain duplex operation at some speed, since, 
with loaded as with non-loaded cables, the ratio of 
received-to-sent current increases rapidly as the speed 
is reduced, and on this account it is much easier to 
duplex the cable at low speeds than at high. To 
make duplexing worth while on a cable with approxi- 
mately equal traffic loads in both directions, it is, in 
general, only necessary to get a one-way duplex speed 
half as great as the simplex speed. In fact, in some 
cases the operating advantages of duplex would warrant 
even a slower duplex speed. On the other hand, there 
are cables on which the traffic is largely unidirec- 
tional through most of the day and which would 
accordingly require a one-way duplex speed somewhat 
higher than half the simplex speed to justify duplex 


Fic. 6—Trst MEssacGe 
Signals received April 16, 1920 over coil-loaded artificial line equivalent 


to a 1700 n. m. cable with 30 m.h./n.m. Speed 2240 letters per minute. 


operation. Whether a sufficiently great speed of 
duplexing could be secured to justify designing a cable 
on the basis of duplex operation could not be judged 
in advance of the laying of the first cable, and ac- 
cordingly it was decided to engineer that cable on the 
basis of simplex operation. 
Although it was expected that the new cable might at 
first have to be operated simplex it should not be 
supposed that any great difficulty or loss of operating 
efficiency was anticipated on this account. The speed 
of the New York-Azores cable is so great that to 
realize its full commercial advantage practically requires 
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working it on a multi-channel basis, as, for example, 
with a Baudot code, multiplex system, similar to that 
used on land lines. Such a system may be conveniently 
adapted to automatic direction reversal and, with this 
modification, most of the common objections to simplex 
operation are removed. Indeed, simplex operation may 
in this case possess a real advantage over duplex, from 
the commercial point of view, since it permits dividing 
the carrying capacity of the cable most efficiently to 
handle the excess of traffic in one direction. 

Although means for making efficient use of the loaded 
cable have been made available, it should be recognized 
that the method of operation best suited to satisfy 
commercial demands must be determined from future 
experience with cables of the new type. This is 
especially true with regard to relatively short cables. 
In this paper the discussion of the loaded cable problem 
has been confined wholly to the realm of long’ ocean 
cables where the limitations of the cable, rather than 
terminal equipment or operating requirements, deter- 
mine the best design. This is the simplest case and 
the one which, at present, seems to show the greatest 
gain from loading. Where traffic requirements are 
limited and there is no prospect of ever requiring a 
speed higher than can be obtained with a non-loaded 
cable of reasonable weight, the advantage of loading is 
less and becomes smaller as the weight of non-loaded 
cable which will accomplish the desired results, de- 
creases. It should not, however, be concluded that 
loading will not find important application to short 
cables. Many short cables are parts of great systems 
and must be worked in conjunction with long cables. 
In such cases it may pay to load short sections where 
loading would not otherwise be justified. Permalloy 
loading also offers great possibilities for multiple- 
channel carrier-telegraph operation on both long and 
short cables, and with this type of operation in prospect 
it is too early, now, to suggest limits to the future appli- 
cations of permalloy to eables or to predict what will be 
its ultimate effect on transoceanic communication. 


Discussion 

W.C.Peterman: This paper treats of a phase of communica- 
tion that apparently has not kept pace with the advances in 
other methods of communication. Numerous inquiries have 
been directed in recent years to the cause of this apparent 
lack of progress in the field of cable telegraphy. As a matter of 
fact, a very considerable progress has been made in the past 
10 or 15 years. The improvements in this period, principally in 
the terminal apparatus, repeating apparatus, and operating 
methods, resulted in a substantial increase of speed and a redue- 
tion of operating cost. There were, among others, the introduc- 
tion of a successful relay to automatically connect two cable 
sections, the development of an amplifier suitable for cable 
conditions, and the improvement in the design and use of 
artificial cables for duplexing. 

During the past few years there has also been developed by the 
Western Union engineers, a system of repeating-cable signals 
which completely regenerates them as to shape and strength so 
that on leaving the repeating station they are as perfect as when 
originally sent. This system permits of the insertion of a 


BUCKLEY: THE LOADED SUBMARINE TELEGRAPH CABLE 


Transactions A. I. E. E. 


number of repeaters in a circuit where previously one had been 
the limit. By this method, automatic through operation 
direct between New York and London was for the first time 
successfully accomplished. There has also been developed a 
special printing telegraph system which permits of a higher 
operating speed in letters per minute than can be obtained with 
the usual cable eode which had heretofore been considered the 
fastest system for ocean cables. This printing method has 
proved highly successful on a through ecireuit from New York 
to London with duplex operation. 

When the possibilities of this new type of cable, as outlined 
by Dr. Buckley, were presented to us, we were immediately 
interested. Our engineers went into the subject as presented 
to them, and came into entire agreement on all points. From 
then on our engineers checked over the designs and plans at every 
stage to satisfy themselves as to their correctness, for a sub- 
marine cable is such a large, long-time investment that every 
precaution must be taken to insure nothing having been over- 
looked. As an additional precaution a trial 120-mi. length of 
loaded cable was manufactured and laid in deep water off 
Bermuda. The results of tests made on this cable were in ac- 
cordance with predictions from the previous laboratory tests and 
theoretical studies made by Dr. Buckley. The Western Union — 
was satisfied with the results and proceeded to lay the 2300-mi. — 
Azores eable. This was done without mishap and met all 
requirements. Dr. Buckley is to be congratulated on the . 
conception of the application of a material of high permeability 
in ocean cables and on the successful development of the idea. 

With this new cable, combining speed, accuracy, reliability, 
and the usual secreey of cable messages, we are now, for the first 
time, linked by eable to Italy and Spain, and to these we hope 
in the near future to add Germany. At that time it is expected 
that this eable will be operated on the multiplex system with five 
or six channels. Three or four of these channels will be used by 
the Western Union, and it is planned that two or three channels 
will be used by the Commercial Cable Company under agree- 
ment with the Western Union. With the present plans, some of 
the channels will be operated directly from New York to Berlin 
and Hamburg without manual rehandling. One or more 
channels will terminate at the Azores. The channels assigned to 
the Commercial Cable Company will be operated directly from 
their office in New York to either Germany or the Azores; 
all this gives some idea of the flexibility of the multiplex system — 
when used on such a cable. 

But more important still, the confidence inspired by the 
performance of this cable has led the Western Union to order 
another similar loaded cable, this time to connect New York and 
London. The signals will be automatically repeated at New- 
foundland and Penzance, England, so that there will be com- 
plete automatic, through operation between New York and 
London. This new loaded cable will have a still higher operat- 
ing speed than the present loaded eable, being designed to 
transmit signals of frequencies up to 75 eyeles per second, which ~ 
corresponds to a speed of 2400 letters per minute with cable 
code. 

We shall have to revise our ideas of cable telegraphy, for this 
speed is considerably higher than that at which most of the 
open-wire, land-line telegraph circuits in the United States are 
being operated today. This cable will probably require two 
overland circuits to carry its traffic from Penzance—the eable 
station on the coast of England—to London. Indeed, the 
traffic-carrying capacity of this cable will be so great that it will 
be nearly equal to the total capacity of our present seven cables 
to England. The addition of this cable alone will result in about 
a 40-per cent increase in the traffic-carrying capacity of all the 
present North Atlantic cable communication systems. 

The operation of these cables with the Baudot code and with a 
number of channels, each with its own transmitter and printer, 
will place cable operation upon the same basis as our trunk land 
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lines, with all that that means in similarity of operating methods 
and{apparatus. With this code there is also the possibility of 
automatically extending some or all channels of such cables by 
means of our existing land-line system directly to other parts of 
the United States. A new era is here; between points where the 
traffic is heavy, the old wavy line of the siphon recorder will 
gradually drop out of the picture. 

E. B. Craft: I should like to correct one impression which 
may have been given by Dr. Buckley’s paper. As he has 
described the problem of the loaded cable it looks too easy; it 
looks as if all that had been done was to wrap a permalloy tape 
around a copper wire and then make a high-speed cable of it. 

I wish you might appreciate how much more there was 
involved in this accomplishment than can be brought out in such 
a brief paper as that to which you have just listened. Years 
of painstaking effort were required and difficulties were en- 
countered at every step. Precautions had to be taken against 
any harmful mechanical and electrical effect which might 
be encountered in laying or operating a cable. 

One very interesting feature of the New York-Azores cable 
which Dr. Buckley has not mentioned is the new type of bal- 
anced sea-earth which was developed after an. extensive in- 
vestigation of cable interference. This sea-earth almost 
completely eliminates the effect of local power disturbances and 
atmospherics and makes it possible to operate cables efficiently 
in the most unfavorable terminal locations. 

When the development of the loaded cable was undertaken 
there were no means in sight for efficient operation of such a 
high-speed loaded cable, even if the problems of the cable itself 
could be solved. New operating methods and new methods to 
measure the electrical constants of a loaded cable had to be 
worked out and new instruments had to be developed for these 
purposes. When the cable was laid, these instruments were 
ready and within a few hours after the final splice was made, tle 
successful operation of the cable was demonstrated. Almost 
every piece of apparatus used in the test and demonstration of the 
cable was new and specially developed for the purpose. A new 
type of cable transmitter, working with compressed air, was 
devised to send messages at speeds many times greater than 
would be permitted by any previously existing transmitter. 
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A siphon recorder which would record messages at over 2500 
letters per minute was devised and made ready for the test. 
But perhaps the greatest achievement in this connection was 
the signal-shaping amplifier. This represented an achievement 
comparable with that of the cable itself. In addition to ap- 
paratus for test and demonstration of the cable, operating 
systems suitable for commercial use were worked out and tested 
over an artificial line in the laboratory. All of this was done in 
advance of laying the first cable. 

I hope that some of these accomplishments may later be 
subject to publication, and. when all that was done to make the 
permalloy-loaded cable a success is known, I amsure that you will 
feel, as I do, no small satisfaction in its having been an American 
achievement. 

Chas.A. Perkins: It has occurred to me to ask why the air-gap 
which occurs in this permalloy winding does not largely neutralize 
the effect of the high permeability of the material. 

O.. E. Buckley: Professor Perkins has asked why the air-gap 
between the adjacent turns of permalloy tape does not materially 
neutralize the effect of the high permeability of that metal. The 
answer is rather interesting and may possibly surprise some of 
you. The reason that the air-gap does not introduce much 
reluctance in the magnetic circuit is that the magnetic lines of 
induction are not single loops around the conductor, as has 
sometimes been assumed, but have the form of a helix which takes 
a large number of turns around the conductor before crossing an 
air-gap between adjacent turns of the permalloy tape. In the 
ease of a conductor like that of the New York-Azores cable the 
lines of induction follow the permalloy tape very closely, the 
pitch of the screw of the lines of induction being only slightly less 
than the pitch of the tape, with the result that a line of in- 
duction follows the tape for about 20 turns around the conductor, 
then jumps an air-gap between two adjacent turns and con- 
tinues following the tape in the same direction as before for 
another 20 turns, when it again slips back across an air-gap. 
This means that if the permalloy tape were strictly uniform and 
continuous from one end of the cable to the other and if the 
eable carried a steady, direct current and was not subject to the 
effect of the earth’s field, the lines of induction would be con- 
tinuous from one end of the cable to the other. 


Law Description and Hypothesis in the 
Electrical Science 
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lecture I consider a very great honor. The late 

Doctor Steinmetz was a dear friend of mine. | 
met him in Yonkers in 1889, and from that time on 
until his death we were tied to each other by bonds of 
personal sympathy and scientific interest, which was 
a source of uninterrupted pleasure to both of us. 


This lecture is an attempt to describe briefly how 
Faraday and Maxwell, starting from definite laws 
which were discovered by experiment, created the 
modern Electromagnetic Theory by a prophetic use 
of description and hypothesis, and how this theory 
furnishes the foundation of the Science of. Electrical 
HWngineering. 

Our knowledge of electrical phenomena began 
its career as a science when it started to build 
upon a foundation of a quantitative law. Coulomb’s 
law marks, therefore, the beginning of the electrical 
science. It says that two electrical point charges in 
a vacuum act upon each other with a mechanical force 
which is equal to the product of the two charges divided 
by the square of the distance between them. 

In its mathematical form Coulomb’s law is identical 
with Newton’s law of gravitational action. Many 
theorems which the mathematical physicists of the 
eighteenth and the beginning of thenineteenth centuries 
had developed in their analyses of gravitational fields 
of force were, apparently, directly applicable to the 
analysis of electrical fields. This was very fortunate, 
because it attracted some of the best mathematical 
minds of those daystotheelectrical science. Thisraised 
its standing among the sciences which it badly needed. 

Newton’s great essay, Principia Philosophiae Natu- 
ralis, published in the beginning of the eighteenth cen- 
tury, created a new school of natural philosophers 
which dominated during the eighteenth century the 
scientific mental attitude of the world. No natural 
philosopher of those days could expect to attract 
serious attention who departed from the rigorously 
mathematical methods of this school. Even so great 
a natural philosopher as Benjamin Franklin may be 
said to have been snubbed by the Royal Society, when 
it refused to publish in its transactions Franklin’s 
communications describing his electrical experiments. 
These experiments, suggested by and clustering around 
Leyden jar discharges, had no obvious connection with 
the Newtonian school of natural philosophy of the 
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eighteenth ceatury and, therefore, the Royal Society 
failed to recognize their full significance. One may 
imagine how welcome Coulomb’s law. was to some 
natural philosophers of the eighteenth century, to 
whom Newton’s Principia was as final as the book of 
Genesis is to some people of our own generation. 

Faraday was the first to point out a fundamental 
difference between Newton’s law of gravitational action 
and Coulomb’s law of electrical action. The action 
of a gravitational mass upon another gravitational 
mass is not influenced by the medium separating the 
two, but the action of an electrical charge upon 
another electrical charge is influenced very much by 
the medium separating the two. Coulomb’s law 
unaided by other considerations was unable to 
explain this difference. Faraday was the first to enter 
into these considerations, and his first guide may be 
said to have been a hypothesis which maintained that 
all electrical charges trace their origin to the molecules 
and atoms of material bodies, which in their normal 
state contain, according to Franklin, the same amounts 
of positive and negative charges. This hypothesis of 
the atomic origin of electrical charges was undoubtedly 
suggested by Faraday’s classical studies of the behavior 
of electrolytes, which revealed a new truth, namely, that 
a definite electrical charge is attached to each valency 
of atoms. The granular structure of ordinary electrical 
charges and the whole modern electron theory was first 
foreshadowed in these experiments. But how did this 
hypothesis affect Coulomb’s law of force between — 
Coulomb charges which are surrounded by a material 
medium? 

Consider the insulators. The hypothesis suggested — 
that in an insulator each molecule contains a definite — 
quantity of positive and an equal quantity of negative — 
charge which can be separated from each other by the 
action of an external electrical force impressed upon 
them, but that the distance of separation cannot exceed 
the dimensions of the molecule. Adopting this picture 
of the electrical structure and behavior of insulators, 
there was readily deduced a modified form of Coulomb’s 
law of force between charges separated by an insulating 
medium, and this modified form of Coulomb’s law says: 
The force between two point charges in an insulating 
material medium is equal to that in a vacuum divided 
by a constant, called the specific inductive capacity of 
the material medium. 

But experiment told us that the hypothesis 
mentioned above concerning the process of separating 
molecular charges and everything inferred from 
it can be only approximately true, because the 
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specific inductive capacity of material insulators is 
usually neither constant nor does it always have a 
definite meaning. This law, therefore, could not be 
taken as our infallible guide in the study of the electrical 
fields of force in material insulators. The question 
arose then: Is there any other law to which we can 
appeal for guidance? Faraday’s study of the electrical 
action of insulators, a subject to which Benjamin 
Franklin first drew attention, showed a way leading to 
the answer of this question. This study suggested one 
of the two great foundation pillars of the modern electro- 
magnetic theory, which I venture to describe here 
briefly. 

Faraday’s method of representing graphically the 
field of force of electrical charges is well known, and it 
finds its simplest illustration in the well known conical 
tubes of force drawn from a point charge as vertex and 
expanding into all space. .We are also familiar with 
Faraday’s tubes? of force for any distribution of 
electrical charges. Faraday’s pictorial method of 
describing the field of force leads to the same numerical 
results as Coulomb’s law when the surrounding medium 
When, 
however, the surrounding medium contains material 
insulators, Coulomb’s law offers small assistance in 
our study when these insulators have a variable specific 
inductive capacity and deviate otherwise from the 
characteristics of an ideal dielectric. It will be pointed 
out below that there are electric and magnetic fields 
which are not due to charges and in which Coulomh’s 
law is altogether inapplicable. Faraday’s picture of 
the field in terms of the tubes of force suggested to 
Maxwell a new law of force which is broader than 
Coulomb’s law both in its meaning and its applicability. 

Faraday’s ideas concerning the physical character of 
the tubes of force were a guide to Maxwell, whose 
earliest studies of electrical phenomena, while still an 
undergraduate at the University of Cambridge, related 
to Faraday’s Physical Lines of Force. In these early 
studies Maxwell made wonderful attempts to show by 
ingenious mechanical 
models what he saw in Faraday’s tubes. But all these 
things were only a temporary scaffolding around a new 
structure which Maxwell was building. When the 
structure was finished the scaffolding disappeared, and 
what do we see today? I shall try to answer this 
question. 

In Maxwell’s mind, just as in the mind of Faraday, 
the tubes of force were not mere’ geometrical 
pictures but represented physical entities capable of 
actions and reactions. Each volume element of a 
tube of electric force is, according to Faraday and 


‘Maxwell, the seat of an electrical reaction against the 


change of its density, that is, of the number of tubes per 
unit area. When -the surrounding medium is a 
3. The term “‘tubes” is preferable here to ‘‘lines’’ because it 


brings out clearly the three-dimensional character of these 
structures. 
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vacuum or an ideal insulator, that is, a dielectric 
with a constant specific inductive capacity, then the 
numerical value of this reaction can be calculated. 
According to Maxwell’s hypothesis, the electrical re- 
action in this case per unit length and unit cross-section 
of the tube is equal to the density of the tubes in the 
direction in which the reaction is considered, divided by 
the specific inductive capacity. The hypothetical 
reaction had a most significant corollary; it located the 
energy of the field in the volume elements of the tubes 
of force and assigned to each element, per unit of vol- 
ume, an amount proportional to the square of the 
density of the tubes of force at that volume element. 
Dynamically, therefore, there is a perfect resemblance 
between the field of electrical reactions in ideal insula- 
tors and the field of elastic reactions in the interior of an 
elastically strained body which obeys the so-called 
Hooke’s law. 

According to this view, the charges transmit their 
action through the volume elements of the tubes against 
the reaction of the tubes. When the field of electrical 
force is in equilibrium the external actions ‘coming 
from the electrical charges and the internal electrical 
reactions of the tubes are equal and opposite to each 
other at every point of space. This form of statement is 
suggested by Newtonian dynamics and furnishes a law 
which conforms to Newton’s third axiom. It is dif- 
ferent from Coulomb’s law in form and meaning, and it 
holds good no matter how the impressed forces are gen- 
erated or what the physical character of the material 
bodies is upon which these forces are impressed. It is 
obtained from the hypothesis that the tubes of force are 
physical entities which react against a change of their 
density. There is nothing in Coulomb’s law which sug- 
gests this hypothesis and there cannot be, because this 
law suggests nothing concerning the velocity or the 
mechanism of transntission of force between electrical 
charges, whereas a reacting tube of force was suggested 
to Faraday and to Maxwell by the intuition that elec- 
trical actions are transmitted through the tubes of force 
with a finite and definite velocity which depends upon 
the dynamical properties, that is, the reactions of the 
tubes. The tubes of force attached to electrical charges 
or otherwise generated are, according to this hypothesis, 
the transmitting mechanism reacting in every one of its 
elements by reactions which in the case of the vacuum 
and of ideal dielectrics are identical in form with the 
elastic reactions of an ideal elastic body. This view of 
the field of electrical force is one of the foundation 
pillars of the Faraday-Maxwell electromagnetic theory. 
I shall next describe briefly the second foundation 
pillar of this theory. 

What has been said above about our knowledge of 
electrical phenomena is also true of our knowledge of 
magnetic phenomena. It started its career as a 
science when Coulomb’s measurements succeeded in 
formulating a law of force between magnetic charges. 
Since this law is identical in form with that for elec- 
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trical charges, and since the presence of material bodies 
affects a magnetic field as the presence of material 
insulators affects an electrical field it is obvious 
that the Faraday-Maxwell intuitive philosophy leads 
here to the same results as in the case of electrical 
fields of force. Coulomb’s law can, therefore, be 
replaced by a law which is identical in form with the 
law formulated above for electrical fields. It is as 
follows: When the field of magnetic force 1s in equi- 
librium the external magnetic actions and_ the 
internal reactions of the magnetic tubes of force are 
equal and opposite to each other at every point of space. 
Description and hypothesis serve here the same object 
as in the ease of the electric fields, namely, to point out 
that the magnetic tubes of force are the transmitting 
mechanism of the magnetic force and that the quantita- 
tive relation between the forces impressed upon the 
tubes and their reactions is one of the determining 
factors of the mode of propagation. 

It is obvious that so far I have been endeavoring to 
show that Faraday’s and Maxwell’s views paved the 
way to the formulation of new concepts, the concepts of 
electrical and magnetic actions and reactions, which 
like ordinary material actions and reactions obey 
Newton’s third law. These endeavors will be con- 
tinued in that which follows. 

The law of equality between electrical and magnetic 
actions and their respective reactions in fields which 
are in static equilibrium can, obviously, tell nothing 
definite about the velocity of propagation. Reactions 
brought into play when this equilibrium is disturbed 
must be considered. Do they exist, and if so, do they 
show that the velocity of propagation of electrical force 
is the same as,or different from, that of the magnetic 
force? The electrical science prior to Oersted’s and 
Faraday’s discoveries could not have answered this 
question. These discoveries supplied the necessary 
knowledge. Broadly stated, they revealed the following 
new truth: Oersted discovered.that electrical charges 
moving through conductors produce magnetic tubes 
of force which are interlinked with the conductors; 
Faraday discovered that magnetic charges and their 
tubes of force produce by their motion or variation 
electrical forces in conducting circuits which are inter- 
linked with these tubes. This description of the dis- 
coveries intentionally emphasizes two facts, namely, 
that Oersted made his discovery while experimenting 
with conduction currents, and that Faraday explored 
the electrical field in conducting wires which are inter- 
linked with the magnetic tubes of force only. The laws 
resulting from these experiments, namely, Ampére’s 
law and Faraday’s law, were necessarily limited to the 
conditions of the experiments which led to their formu- 
lation. Neither one nor the other were sufficiently 
general to give direct information concerning the 
unknown reactions associated with the variable electric 
and magnetic tubes of force at any point of a dielectric. 
Oersted’s and Faraday’s experiments did not detect 
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them, nor was it obvious how to detect them experi- 
mentally. New hypotheses were needed and Maxwell 
was the first to formulate them; they were as follows: 
First, a variation of the flux, that is, the total number of 
electrical tubes of force through any area, is equivalent 
to the motion of electrical charges through that area; 
in other words, the so-called displacement current pro- 
duces according to Maxwell the same magnetic effect 
as the conduction or convection current; secondly, 
the variation of the flux of the tubes of magnetic force 
through any area produces an electromotive force 
around the boundary curve of this area which is 
independent of the material through which this bound- 
ary curve passes. These two hypotheses extended the 
meaning of the Ampére and of the Faraday law and 
gave them that symmetry which is expressed in the 
following statements: 


The rate of variation of the electric flux through any area 
is equal to the magnetomotive force in the circuit which forms 
the boundary curve of that area. 

The rate of variation of the magnetic flux through any area is 
equal to the electromotive force in the cireuit which forms the 
boundary curve of that area. 


tion of Ampére’s law, and the second that of Faraday’s 
law. Mathematical physicists call them Maxwell’s 
field equations. This name does not convey clearly 
their physical meaning, nor does it express fully their 
historical significance. Prior to the time of Oersted 
and Faraday there were only a few rather feeble 
processes of generating and impressing upon material 
bodies electric and magnetic forces: Frictional machines, 
galvanic cells, action of permanent magnets, etc. 
Ampére’s and Faraday’s generalized laws describe new 
processes of generating and impressing magnetic and 
electric forces wpon any part of space. They might be 
called Maxwell’s laws of electrodynamic generation, 
or briefly Maxwell’s laws, the rest of the proposed title 
being understood. These laws give the total sum of the 
electric and magnetic forces impressed by those pro- 
cesses upon any circuit; the energy principle tells 
us that this sum is equal to the sum of the electric and 
the respective magnetic reactions in the circuit. The 
parcelling out of the total impressed forces thus gener- 
ated among the volume elements of the circuit and the 
character of the reactions of each volume element must 
be determined by the character of each problem and by 
the physical properties of each volume element of the 
circuit. Circuits in ideal isotropic dielectrics present 
the simplest illustration of the general procedure, and 
this was the subject which Maxwell considered first. 
In this case the reaction per unit cross-section and unit 
length of the circuit is, as already pointed out, equal 
to the ratio of the flux density to the specific inductive | 
capacity, or permeability, respectively, and this reac- 
tion must be equal to the force generated by the variable 
fluxes and impressed per unit length of ‘the circuit. 
This leads to a reciprocal relation between the electri 
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and magnetic reactions in variable fields which in 
an isotropic dielectric exhibits a process of propagation 
identical in form with that obtained by Newtonian 
dynamics for the actions and reactions in an isotropic, 
incompressible, elastic medium. Maxwell’s greatest 
achievement is, in my opinion, his introduction into the 
electrical science of new concepts, electric and magnetic 
actions and reactions, which are subject to the same laws 
as the corresponding concepts in Newtonian dynamics. 
Butit should be observed here that Maxwell’s success was 
due to Faraday’s suggestive description of the electric 
and magnetic fields in terms of tubes of force and to 
the intuition which created the epoch-making hy- 
potheses endowing these tubes with dynamical attributes 
formerly belonging to material substances only. These 
hypotheses demanded experimental verification; Hertz 
seized the opportunity and furnished the epoch- 
making demonstration of the correctness of Maxwell’s 
hypotheses. 

The propagation of force through an ideal elastic 
solid makes the velocity of propagation depend upon 
two constants only, the density and the elastic constant. 
The first determines the inertia reaction and the second 
the elastic reaction per unit volume of the solid. Simi- 
larly in the propagation of the electric force through the 
electric and magnetic tubes of force in an ideal dielectric 
the velocity of propagation depends upon two constants 
only, the specific inductive capacity of the tubes and 
their magnetic permeability. One determines the 
reaction of the electrical tubes of force and the other 
the reaction of the magnetic tubes. These reaction 
constants determine the velocity of propagation through 
the electric and magnetic tubes in the same manner as 
density and elastic constants determine the velocity of 
propagation through ideal elastic bodies. The question 
arises, as to which of the two reaction constants of Fara- 


- day’s tubes corresponds to the density and which to the 


_ magnetic forces, 


elastic constant of material bodies. In other words, 
which of thetwoconstantsis characteristic of the inertia 
reaction of the tubes? : 

The generalized laws of Ampéreand of Faraday, which 
I call the Maxwell laws, suggest a permissible answer to 
this question. They indicate a scheme which demands 
one primary or fundamental flux only, the electric flux. 
A variation or velocity of motion of the electric flux 
generates, according to the first Maxwell law, magnetic 
forces and corresponding magnetic fluxes which in an 
isotropic dielectric are proportional to the impressed 
the factor of proportionality being 
the magnetic permeability of the tubes of the magnetic 
field. If, therefore, we consider the magnetic flux 
of the field, thus generated, as the momentum of the 
varying or moving electric flux, since it is proportional 
to its rate of variation or velocity of motion, then 


the electrical field generated, according to the second 


Maxwell law, by the variation of the magnetic flux will 
be due to the change of this momentum. According 
to this scheme the permeakility constant in the electro- 
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magnetic theory would correspond to density in the 
theory of propagation through elastic solids. 

Electron physics supports this scheme. It traces the 
origin of all magnetic forces of magnets to the orbital 
motions of electrons. This reminds us of the old 
Ampérean conception. Magnetic tubes of force asso- 
ciated with so-called permanent magnets are, according 
to electron physics, the result of the motion of electric 
tubes of force attached to electrons. Maxwell always 
associated with magnetic tubes of force the momentum 
of some electric motions; what Faraday called the 
electrotonic state, he called the electro-kinetic momen- 
tum of a circuit, that is, the magnetic flux interlinked 
with the circuit. The reactions of varying magnetic 
tubes of force are, therefore, inertia reactions, and their 
reaction constant, the permeability, should, as already 
pointed out, be considered as corresponding to the 
density of elastic solids, whereas the reciprocal of their 
specific inductive capacity corresponds to the elastic 
constant. Faraday’s tubes of force in free space have, 
in electromagnetic units, a permeability equal to unity 
and, measured in the same system of units, an exceed- 
ingly small specific inductive capacity. They behave, 
therefore, like incompressible elastic bodies of moderate. 
density but of very high elastic constant for shearing 
strains. It is equal to 9 X 10”. Hence the great 
velocity of propagation of electromagnetic disturbances 
through tubes of force in free space, as experimentally 
verified by Hertz. 

Electrical propagation through ideal dielectrics,includ- 
ing the vacuum, demands, according to theabove picture, 
nothing more than Faraday tubes of electric force (which 
Teall here primary flux) capable of two distinct reactions, 
onean electrical reaction and the other amagnetic, thatis 
an inertia, reaction. The tubes react like a -material 
medium of reasonable density but of most extraordinary 
stiffness. But neither this similarity to material bodies 
nor anything else in our present knowledge of electrical 
phenomena justifies the hypothesis that they consist of 
a substance which has qualities of ordinary matter in 
bulk. One cannot resist the temptation of asking the 
question: What are these tubes made of? I venture, 
therefore, to offer the following pardonable suggestion. 

Our ideas of these tubes are associated with our con- 
cepts of electrical charges which are the terminals of the 
tubes when they have a terminal. In this we follow in 
the footsteps of Faraday. It is not an unreasonable 
hypothesis to assume that they are made of the same 
fundamental substance of which the electrical charges 
are made. The name “electricity’’ may, therefore, be 
reserved for that substance, whatever it may be, so that 
we may say: The medium which transmits electrical 
disturbances is ‘‘electricity,’’ meaning thereby the 
electrical tubes of force. Light is an electrical disturb- 
ance and it is, according to this view, transmitted by 
electricity. The concept suggested by the word ‘“‘elec- 
tricity” is much more definite than that suggested by 
the words “‘umeniferous ether,’’ because we associate. 
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with electricity two perfectly well known and experi- 
mentally determinable reaction constants, that is, the 
reaction constants of the primary flux of force at rest 
and in motion. These are the only attributes that we 
can dynamically predicate of amaterial substance, hence 
the concept “electricity’’ is dynamically just as definite 
as the concept “material substance’; the concept 
“‘ether’’ is not. 

Perhaps I have dwelt too much upon that part of the 
electromagnetic theory which is a little outside of the 
daily problems.of the electrical engineer. Some people 
think that it is entirely outside of the theory which 
underlies electrical engineering problems. Permit me 
to show you, as briefly as I can, that this is not so, 
and that the same form of laws and the same dynamical 
methods apply to electrical engineering problems as to 
the problems discussed above. Electrical engineering 
problems deal with actions and reactions in electrical 
and magnetic circuits and so does the general electro- 
magnetic theory. I have pointed out how starting 
with Coulomb’s law a more general law was formulated 
for the field of force due to electrical or to magnetic 
charges at rest, the law of equality of actions and 
reaction in every volume element of the field in static 
equilibrium. The validity of this law was maintained 
for the dynamical equilibrium of variable fields when 
Ampére’s and Faraday’s laws were formulated by 
Maxwell in their most general form. The principle of 
conservation of energy demands that this law be 
always true irrespective of the physical character of 
the circuit or of the process of generating the impressed 
forces. This furnishes then the most fundamental 
basis in theoretical electrical engineering. It may be 
stated as follows: 

In every circuit or part of a circwt the algebraic sum of 
electrical reactions 1s equal to the algebraic sum of the 
impressed electrical actions. 

Omit the words “electrical’’ from this statement 
and you have the most fundamental law in Newton’s 
dynamics, showing that “electricity” obeys the same 
fundamental law which ponderable matter obeys. 

Take for an illustration an electrical circuit in which 
we have a constant electromotive force, generated by a 
voltaic cell, and a constant current flowing through a 
conducting wire. Consider any two points on the wire. 
Heat is generated in the wire between these two points 
and, therefore, there must be an electrical reaction in 
the wire between these two points. Heat is the 
result of the work done against this reaction by the 
impressed electrical force transmitted by the battery. 
This reaction may be called a resistance reaction, whereas 
the impressed action is the difference in potential 
between these two points. The law of equality of 
action and reaction says: The resistance reaction is 
equal to the difference of potential. This relation is 
independent of the so-called ‘‘Ohm’s Law.” When, 
however, the wire is maintained at constant tempera- 
ture its resistance reaction is found by experiment 


' current generators are located at various points of the — 
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to be proportional to the current; this empirically 
established characteristic of most metal wires is called 
Ohm’s law. It really is not a law any more than 
Joule’s rule for the rate of heat generation by a current 
flowing through a metal wire. Both are accurate 
empirical descriptions of a physical characteristic of 
most metal wires. It is occasionally stated with some 
show of disappointment that the flow of current through 
a gas does not obey Ohm’s law, which really means 
that the resistance reaction is not proportional to the 
current, and that it cannot be described as simply as 
the resistance reaction of a metal wire. That a con- 
ducting gas should react differently from a conducting 
metal wire should not surprise anybody; but it seems 
that it does. 

Consider, as another simple illustration, a toroidal 
magnetic circuit consisting of several different radial sec- 
tions of different kinds of steel separated from each other 
by small air gaps and magnetized by a current flowing 
through turns of wire wound uniformly around the toroid. 
The total magnetomotive force generated by the current — 
is given by Ampére’s law. Each part of the magnetic — 
circuit receives its definite share of the total magneto- _ 
motive force; this share is the magnetizing force im- — 
pressed upon that part of the circuit. In each part of — 
magnetic circuit the impressed magnetizing force is _ 
equal to the magnetic reaction of that part, so that .— 
according to the fundamental law the sum of the mag- 
netic reactions is equal to the total impressed magnetic 
actions, which is the magnetomotive force. This is 
the fundamental law, whereas the usual method of 
calculating, roughly, the magnetic flux from impressed 
magnetizing forces and reluctances by making use of a 
new kind of Ohm’s law for the magnetic circuit is, in 
my opinion, a misleading use of the word law. This — 
spurious Ohm’s law is abandoned, of course, as soon 
as we attempt to devise an experimental method for 
measuring hysteresis losses during a complete cycle of 
magnetization, but we do not abandon the dynamical 
law that in every part of the magnetic circuit the 
magnetizing force is equal to the magnetic reaction. 
On the contrary, we could not without it interpret 
dynamically the hysteresis losses during cyclic mag- — 
netizations. 

When in a network of linear conductors alternating- 


network, the current distribution in the network can be 
calculated by setting up equations for each circuit 
which state the fundamental dynamical law that in — 
each circuit the algebraic sum of electrical reactions is 
equal to the algebraic sum of impressed electromotive 
forces, generated by the alternators. To call these 
equations mathematical expressions of a Kirchhoff law, 
as some do, is unpardonable abuse of language. Kirch- 
hoff gave the rule that for any circuit in a network of 
metalic wire conductors in which there are sources 
constant electromotive force the algebraic sum of the 
electromotive forces is equal to the algebraic sum of th 
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products of current and Ohmic resistance, but he 
never suspected that this is a special case of the funda- 
mental dynamical law given above. 

It is true that in 1858 Kirchhoff, in his analysis of 
electrical propagation along an overhead telegraph wire, 
stated correctly the relation between the electrical 
reactions at any element of the wire, and in this state- 
ment he was guided by Thomson’s discussion of 
electrical propagation over a submarine cable. But 
neither Thomson nor Kirchhoff were aware of the 
general law stated above. Maxwell’s Electromagnetic 
Theory had not yet been published, and prior to that 
publication the general law implicitly contained in 
this theory, and which is today the foundation of 
electrical engineering, could not be formulated. 
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The several simple examples, cited above, suffice to 
illustrate clearly that electrical engineering problems 
on their pruely scientific side are formulated in 
the same way as the problems in the general 
electromagnetic theory. Their solutions are obtained 
by the application of the same form of the funda- 
mental laws employing the same methods of 
reasoning and the same terminology which Newton 
had formulated when he created the _ science 
of dynamics. The possibility of describing electrical 
phenomena in terms of Newton’s concepts and 
language is one of the greatest achievements of 
Faraday and Maxwell. Law, description, and hy- 
pothesis were never employed with greater effect than by 
the genius of these great prophets of the electrical science. 


on an Artificial Line 
GARDNER* 


Associate A. I. E. E. 


Synopsis—Accompanytng corona on a transmission line, there 
has been found, in several cases, an appreciable increase in the 
line charging current over that indicated by the usual formula. 
This has been taken to indicate an increased line capacitance result- 
ing from the presence of the corona envelope about the conductors, 
and has, for this reason, come to be described as the extra-capacity 
effect of corona. This explanation, by an envelope, however, has 
not been entirely satisfactory, and the question has arisen as to 
whether the current increase could not have been equally as well 
attributed to the current and voltage harmonics which the corona 
introduces. 

The paper describes an investigation made of this extra-capacity 
effect on an artificial transmission line using artificial corona. 
In avoiding, by means of this method, the glow discharge of real 
corona, all envelope effects were eliminated. The operation of the 
artificial corona is described, and the results given of the tests which 
were made in checking its characteristics against those of real corona. 

By means of the artificial corona it is shown that it is possible to 
obtain the extra-capacity effect of corona without having present an 
tonized envelope. The explanation is offered that at least the larger 


portion of this effect found on transmission lines under corona 
conditions is apparent only; that it is a result of the approximate 
method by which the line capacitance is calculated, and the increased 
admittance which the line offers to currents of harmonic frequencies. 

The effect of corona leakage in altering potential rise on an open 
line is shown by representative voltage distribution curves taken on 
an artificial line with and without the corona leaks operating. 
From a comparison of these curves it appears that the leakage of 
corona plays a predominant part in the establishment of the resultant 
voltage, the harmonics caused by the corona in no case producing 
unusual resonance effects or extra-potential rises. Thisis important 
largely for the indication it gives that the present:methods of pre- 
determining voltage distribution on open lines for corona conditions 
are accurate within the limits of engineering accuracy. 

Qualitative results are given showing the effectiveness of corona 
leakage in reducing traveling waves such as result from switching 
operations. Two oscillograms of the same transient are shown, one 
taken with the corona leaks operating and the other without. The 
much shorter duration of the transient in the former case is evidence 
of the corona’s effectiveness in absorbing the energy of the disturbance. 


INTRODUCTION 

NDER ordinary conditions air is a good insulator, 
Re it loses this quality when subjected to an exces- 

sive potential gradient, suchas occurs near the sur- 
face of the conductors of a transmission line when the 
voltage between lines is increased above a limiting value. 
In this region of maximum stress, ionization takes place 
and there is formed about each conductor an envelope 
of semi-conducting and luminous air, called corona. 
This envelope is believed to relieve the concentration 
of stress by increasing the effective diameter of the 
conductors. 

There is a minimum corona-forming voltage, éo, for 
every line, dependent upon the configuration of its 
conductors and the atmospheric conditions under which 
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it operates. With an alternating voltage, the maximum 
value must exceed this critical voltage before corona 
forms. If much in excess, the corona starts at é 
on the increasing portion of each half-voltage wave, 
and continues until a slightly lower value is reached on 
the decreasing portion. Coronaunder these conditionsis 
pulsating, itsfrequency being double that of the voltage. 
This pulsation causes a cyclic change in line admittance 
which introduces harmonics, particularly the third.! 
Accompanying corona, there is a power loss which 
increases with the square of the excess voltage over the 
critical value. This is expressed by the formula’ 
p= c?(e—e,)? 
where p is in watts, c is a constant, e is the applied volt- 
age, and é) is the disruptive critical value for the line. 
‘1. F.W. Peeks, Jr., ““Voltage and Current Harmonies Caused 
by Corona”, Trans. A. I. EH. E., 1921, p. 1155. 


2. F. W. Peek, Jr., “Dielectric Phenomena in High-Voltage 
Engineering”’’, 1920, p. 122. 
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This quadratic law holds except in the neighborhood of 
€o, Where varied results are obtained due to surface 
irregularities on the conductors. 


Due to corona loss,it has been customary to operate 
lines well below their corona-forming voltage. But with 
the large blocks of power now transmitted, it becomes 
feasible, with certain systems, to raise the operating 
voltage practically to the corona limit. In seasons of 
unfavorable weather it is to be expected, therefore, that 
portions of these systems will operate for considerable 
periods in a state of corona. 


This continual presence of corona, in addition to 
causing high energy loss, may be a source of serious 
interference between the transmission line and neigh- 
boring communication circuits. The corona intro- 
duces an appreciable third harmonic, and this is within 
the range of audibility in the case of a 60-cycle current. 
If the power system is three-phase and has its trans- 
formers connected in grounded-Y, these triple-frequency 
currents can flow through the three lines in parallel, 
combine in phase in the neutral, and complete their 
circuit through the ground. This induces troublesome 
voltage disturbances in paralleling telephone and tele- 
graph lines. If the power system does not have a 
grounded neutral, it is impossible for the third-harmonic 
currents to flow. To compensate for this, a third- 
harmonic voltage appears between each line and neu- 
tral.1 These voltages, being in phase, cause the whole 
system to pulsate with a triple frequency to ground. 
This pulsation induces a voltage between lines and 
ground in the paralleling circuit which even transposition 
will not eliminate. It appears, therefore, that interfer- 
ence duetocorona harmonics presents a serious problem 
in any extensive operation above the corona-forming 
voltage. 


On the other hand, the presence or ready formation of 
corona may be of some advantage. It may assist in 
damping high-voltage transients.* When operating 
near the corona limit, the rapidly increasing energy 
loss for slight rises in potential above normal is likely to 
be of considerable value in absorbing and quickly at- 
tenuating these disturbances. Corona’s real effective- 
ness in this respect, however, has not been definitely 
determined. 

The leakage effect of corona may also be of assistance 
in keeping down the magnitude of potential rise at the 
open end of a long line should the line accidentally 
become open-circuited. This reducing effect would be 
desirable, as the rise subjects the insulators to high 
potential strains, and causes the line to draw an exces- 
sive charging current from the connected generators. 


A further interesting feature of corona is the dis- 


crepancy found between the measured charging current. 


for a line and that indicated by the usual formula, when 
voltages are used which are above the critical corona 


3. F. W. Peek, Jr., ‘‘The Effect of Transient Voltages on 
Dielectries”, Journ. A. I. E. E., June 1923, p. 623. 
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value.t As the line potential is raised from low values 
up to éo, the charging current increases proportionately. 
Slightly above, as corona forms, the current diverges 
from the linear relation, and for higher voltages, rises 
much more than proportionately. Since this is the 
same result as would be obtained were the line capaci- 
tance to increase above normal at these high voltages, 
the divergence has come to be described as the extra- 
capacity effect due to corona. 

There are several explanations of this non-linear 
increase of current. Usually it is explained by assuming 
the line capacitance to be increased due to a cyclic 
change in effective conductor diameter caused by the 
corona. To account for the total test charging current 
in this way, however, requires in some cases an effective 
conductor of from fifty to eighty times normal diameter. 

This explanation is also open to question due to the 
fact that it assumes that, were the capacitance to 
remain normal under corona conditions, the charging 
current would continue to rise linearly with the voltage. 
It is believed that the current might rise above the 
linear relation even with a normal capacitance, because 
of the corona harmonics. From this standpoint, it 
would seem more likely that the increase is the result: 


1. Of the very approximate method by which the 
capacitance current is calculated. 


2. Of the increase in admittance which the line, like 
any other circuit of relatively high capacitance, offers to 
currents of harmonic frequencies. 


In these two explanations there is involved no action 
of the corona envelope, the current increase being 
considered the result solely of harmonics. 


PURPOSE 


The purpose of this paper is to present the results of 
an investigation carried on in the Research Division 
of the Electrical Engineering Department, Massachu- 
setts Institute of Technology, aimed at the representa- 
tion of corona effects on artificial lines. It describes 
the artificial corona which was developed, and gives the 
results of tests in which it was used. The latter tests 
were for the purpose of: First, obtaining experimental 
evidence in support of the “harmonic” explanations for 
the increased charging current which accompanies 
corona; second, determining the effect of corona in 
altering voltage distribution; and third, investigating its 
effectiveness in reducing traveling waves in the system. 


DEVELOPMENT OF AN ARTIFICIAL CORONA 


As evidence was sought to show that the increased 
charging current is the result of harmonics rather than 
of the corona envelope, it was necessary to have a check 
upon the envelope effect. This being practically im- . 
possible with real corona, the envelope was eliminated 

4. W. W. Lewis, “‘Some Transmission Line Tests’, TRANs. 
A. I.E. E., 1921, p. 1079. 
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from consideration by simulating the corona effects 
artificially on an artificial line. 

The artificial corona consisted of a representation 
of the cyclic change in line leakage peculiar to corona. 
The leakage variation was obtained by the use of three- 
electrode vacuum tubes, the current characteristics of 


Fie. 1—Connections oF ARTIFICIAL CoronA LEAK 

. which are in many respects similar to those of ionized 
air. As the tubes pass current only in one direction, 
two were necessary for one complete leak—one to oper- 
ate on the positive half of the voltage cycle and the 
other on the negative half. Fig. 1 shows the inter- 
connection used. 

The operation of the leak depended upon the non- 
linear characteristics of the tubes. The filament of the 
first tube and the grid and plate of the second connected 
to one line wire, while the filament of the second and 
the grid and plate of the first connected to the other 
line wire. The breakdown voltage, that is, the e of 
the leak, was governed by a bias potential of approxi- 
mately 120 volts in each grid circuit. This, with the 
type of tube used (V T-2), kept the grid negative and 
the tube inactive until 115 volts, instantaneous between 
line wires, was reached on the ascending portion of the 
wave. With a plate potential of 115 volts and the grid 
5 volts negative, conditions were favorable for the 
passage between line wires of a small plate current 
through one tube. As the maximum rose above 115 
volts, the grid of this tube became less negative and 
finally positive, while its plate potential steadily 


2—Discontinuous LEAKAGE CURRENT GIVEN BY THE 
ArtirictAL Corona LEak 


Fia. 
increased. This resulted in a rapidly increasing leakage 
current up to the crest of the voltage; beyond, on the 
descending portion of the wave, theaction was reversed. 
The leak was then inactive until the second tube 
repeated the cycle under the negative voltage loop. 

The leak may be likened to a two-way valve, in that 
it permitted leakage only for the intervals during which 
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the instantaneous values of the voltage wave exceeded 
its breakdown value, é. It gave a small, discontinuous 
leakage current, Fig. 2, which was zero atall timesexcept 
under the crests of the voltage wave. The shape and 
amount of this current could be controlled by adjust- 
ment of filament temperature and bias potential. 
By increasing the latter, the breakdown voltage was 
increased, and the leakage reduced. If the breakdown 


Fic. 3—CurRrENT OBTAINED WITH ARTIFICIAL CoRONA LEAK 


AND CONDENSER IN PARALLEL 


voltage had been established, the amount of the leakage 
could be controlled by the filament temperature. As 
used in the following tests the r. m. s. critical voltage, 
é, for the leaks was approximately 75 to 80 volts, 


representing volts. 


/2 


By shunting the terminals of the leak with a small 
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4—CuRVE SHOWING THAT THE ARTIFICIAL Corona LEAK 
SATISFIES THE QuADRATIC Law or Corona Loss 


Fig. 


paper condenser at aa’ in Fig. 1, the distorted current 
shown in Fig. 3 was obtained. As a voltage greater 
than é@) was applied, there was a leakage current in 
addition to a charging current, the leakage current 
causing a hump on the latter slightly in advance of each 
voltage crest. The smaller irregularities in the current 
were due to tooth harmonics in the voltage wave. 
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In later tests these were eliminated by the use of filters. 

That the leakage current of the artificial corona was 
similar to that of real corona may be observed by com- 
paring Figs. 2 and 3 with the wave forms obtained of the 
latter by Whitehead® and by Bennett. In both of 
these cases, the real corona was formed on a rod within 
a concentric cylinder. The oscillograms of Bennett 
show the distortion caused by corona of the rod-and- 
cylinder capacitance current when the applied voltage 
exceeded the critical corona-forming value for the ap- 
paratus. The corona introduced a hump into the 
charging-current wave just in advance of each voltage 
crest. In the duplication of this, with the artificial 


Fig. 5—ConNECcTION oF CoroNA LEAKS TO THE ARTIFICIAL 
Linz 


corona, the capacity effect of the rod and cylinder was 
supplied by the small fixed condenser shunting the leak 
terminals. The wave forms reported by Whitehead 
were obtained by a separation of the total current, as 
found by Bennett, into two parts—a charging current 
-and a corona current. For this the current wave was 
taken, first below and then above the critical voltage, 
the difference between the two giving the wave form of 
the corona current. This latter was pulsating. Its 


Fig. 6—CHARGING CURRENT FOR AN ARTIFICIAL LINE HAVING 
ARTIFICIAL CORONA LEAKS 


humps were asymmetrical, but they attained their 
maximums approximately under the crests of the 
voltage. - 

The conformance of the artificial corona to the quad- 
ratic law of corona loss is shown by the typical power- 
loss curve given by a single leak (Fig. 4). The test 
for this type of curve consists of a plot of square root 
of the power against volts, the points of which should 


5. Whitehead and Inouge, ‘““Wave Form and Amplification of 
Corona Discharge’’, Trans. A. I. E. E., 1922, p. 138. 

6. E. Bennett, ‘‘An Oscillograph Study of Corona’, Trans. 
A. I. E. E., 1973; p. 1737, 


lie on a straight line. The leakage curve satisfied this 
requirement, as shown. ‘The straight-line plot may be 
compared favorably with similar plots given by Peek 
It is interesting to-recall, in this connection, that the 
deviation from the theoretical curve in the region of 
€) is also a characteristic of real corona. 


The artificial line to which the corona leaks were 
attached represented a single-phase line having 500,000- 
cir. mil conductors, spaced 9 ft. between centers.’ One 
leak was placed at each end and two leaks in parallel 
at the middle. This was in accordance with the pi- 
construction of the line, and gave twice the leakage at 
the middle as at the ends. See Fig. 5. The critical 
voltage, @, for the line was established at 81 volts. 

Using a 420-mile length of open line, oscillograms were 
taken of voltage and charging current at the generator 


Fig. 7—VoutTace Wave Forms at THE Two Enps or a 420- 
Mie Line wits Corona Leaks OPERATING 


end, both with and without the leaks operating. When 
they were attached, but inoperative, (filament currents 
zero), the current and voltage were normal sine waves. 
When placed in operation, they caused the distortion 
shown in Fig. 6. Analysis of the wave forms of the 
latter showed the voltage to have a three per cent 
third harmonic, and the current to have a nine per cent 
third harmonic, three per cent fifth harmonic, and one 
and three-tenths per cent seventh harmonic. These 
compare favorably with the voltage and corona-plus- 
capacity-current wave forms at the generator end of a 
real transmission line under corona conditions, as given 
by Peek.°® 

By these preliminary experiments the characteristics 
of the artificial corona were checked against those of 
real corona. It was shown that the leakage current 
was of approximately correct wave form, and that the 
power loss varied with the voltage in agreement with the 
quadratic law. Further, when operating on the arti- 
ficial line, the distortion produced in the voltage and 


7. FE. W. Peek, Jr., ‘Dielectric Phenomena in High-Voltage 
Engineering,” 1920, p. 128. 
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current was similar to that found with real corona on a 
real line. 


DISTORTION OF VOLTAGE 


Oscillograms were now taken of voltage wave forms 
at points out along an open line. The use of a vacuum- 
tube repeater! made it possible to attach the oscillo- 
graph to the unloaded line without disturbing voltage 
conditions. When the leaks were inoperative there 
was no distortion at any point on the line. But when 
they were placed in operation, they produced the 
distortion shown in Fig. 7. Only the two end voltages 
are given, as they represent the extreme conditions. 
Analysis of all the waves of the series was made, how- 
ever, and it was found that the distortion was progres- 
sive. It consisted almost entirely of a third harmonic, 
the magnitude of which increased steadily from four to 
fourteen per cent between generator and open end. 


Length of line = 420 miles 
Line yolts = 85 Volts 
Frequency = 60 Cycles 


180 240 300 360 420 480 540 
MILES FROM GENERATOR END 


Fig. 8—Crest anp R. M.S. Votracs DistrisuTion on 420- 
Mite Linz, WITH AND WITHOUT THE ARTIFICIAL CORONA 


10) 60 120 


Using a vacuum-tube, crest-reading voltmeter (also 
arranged to take negligible power), the maximum volt- 
age values at positions along the line were found in 
similar manner. Under corona conditions the crest 
value was increased near the generator end, but de- 
creased near the free end, as shown in Fig. 8. 

This progressive increase in voltage distortion is due 
to the difference in resonance conditions for the funda- 
mental, and for the various harmonies. The latter, as 
a result, become a larger percentage of the resultant 
voltage at the distant points. ; 

This distortion of the voltage along a single-phase line 


10. F. S. Dellenbaugh, Jr., “‘Artificial Transmission Lines 
with Distributed Constants,’ Journ. A. I. E. E., Dee. 1923, p. 
1293. 
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is of interest, since it occurred under conditions which 
provided a circuit for third-harmonic currents. A 
three-phase line with grounded neutral is equivalent 
to three such single-phase lines in parallel. The results 
indicate, therefore, that even with a grounded-neutral — 
system there can be a distortion of voltage between 
each lineand ground. Itis of interest-also in connection 
with the explanation given later of the charging current 
which is found under corona conditions. 

Any alteration in maximum voltage values, such as 
was found, would have an appreciable effect upon the 
distribution of corona loss, increasing it at the near end 
and decreasing it at the far end of the line. 


EFFECT OF CORONA LEAKAGE ON VOLTAGE 
DISTRIBUTION 


An excessive potential rise on an open line under 
corona conditions has been reported.‘ This has raised 
questions regarding the effect of corona in altering 
voltage distribution in cases of open circuit, and the 
possibilities of serious resonant voltages at triple 
frequencies. 

These points were investigated with the artificial 
corona. Voltage distribution curves were taken with 
an electrostatic voltmeter over a wide range of line 
lengths and voltages, with and without the corona 
leaks operating. The curves shown in Fig. 8 are typical 
of the alteration in distribution found in every case. 
To this, even a 240-mile line proved noexception. This 
is important as this line represented approximately a 
quarter-wave length for the third harmonic of sixty 
cycles—a condition which would be most favorable for 
the formation of high-resonant voltages by the corona 
if resonance effects of the harmonics should prove to 
be present. 

In these tests it was found that the normal voltage 
distribution, that is, for no corona leakage, held also for 
corona conditions unless the applied voltage was exces- 
sively high or the length of line extreme. With a long 
line and an applied voltage near the critical value, the 
distribution was appreciably lowered. It appears, 
therefore, that in the case of distributions on long lines 
the reducing effect of corona as a leakage will largely 
overbalance any tendencies toward high voltage reso- 
nance due to the harmonics it may introduce. 

In making voltage distribution computations for . 
high-voltage lines where corona must be considered, it 
has been customary to represent the probable corona 
loss by an equivalent ohmic leakance. In this, the 
assumption has been made that corona would tend as a 
leakage to reduce the rise of potential should the line 
accidentally become open-circuited. The above re- 
sults appear to substantiate this assumption. Further, 
it was possible in the case of each of the tests on the 
artificial line to calculate a distribution which would 
agree within the limits of engineering accuracy with 


4. loc. cit. 
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the distribution obtained by test. For this the usual 
hyperbolic formulas were employed, using a leakance, 9, 
obtained from the division of measured loss by the 
average of the squares of the end voltages. 

For all these tests it was possible to check the ade- 
quacy of the corona representation. The critical 
corona voltage of the single-phase power line, which the 
artificial line represents,* is approximately 95.2 kv. to 
neutral, assumptions being made as to atmospheric 
conditions and state of conductor surface.!' As this 
corona-forming voltage was represented on the artificial 
line by 81 volts, the ratio between corresponding line 


Fig. 9—CuURRENT TRANSIENT ON OPEN LINE WITHOUT CORONA 
SwitcH Ciosep 115 prc. Arrer VOLTAGE PasseD THROUGH ZERO 


voltages was It was thus possible to check 


81 
95.2002 
the corona representation, as the corresponding losses 
on the artificial line and on the real line were to be to 
each other as the square of this voltage ratio. In all 
cases the loss measured was found to be within 10 per 
cent of the loss which was calculated for the condition by 
this method. 


EFFECTIVENESS OF CORONA IN DAMPING TRANSIENTS 


Tests were also made to show the possible effective- 
ness of corona in attenuating traveling waves, such as 
result from switching operations in the system. For 
this a single-phase artificial line with distributed 
constants was used. It represented 331 miles of 
No. 00 solid copper conductors having 8 ft. 9 in. 
spacing.!° 
A synchronous switch closed the circuit between genera- 
tor and line at any desired point on the voltage wave. 
Two oscillograms for each point of switch-closing were 
taken—one to show the transient under normal con- 
ditions, and the other the same transient with corona 
present. Their difference represented the modification 
resulting from the corona leakage. 

In Figs. 9 and 10 are given typical transients for the 
two cases. They show the generator voltage and the 
current entering the open line when the switch was 
closed on the descending portion of the voltage wave. 
In the first, without corona, the deviation from the 
sinusoidal state is apparent for approximately two 


*See page 816. : 

11. F. W. Peek, Jr:, ‘‘Dielectric Phenomena in High-Voltage 
Engineering,’ 1920, p. 203. 
~ehO; “Joe; Gitk 
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cycles,.and six reflections are distinguishable. In the 
second, taken with corona present, the steady-state 
condition was reached in half a cycle. In this latter, 
the normal distortion of the current due to the corona 
should not be confused with the transient. 

Although these last results are only qualitative, they 
support the general belief that corona, as a leakage 
occurring with excessive voltage, acts to suppress ab- 
normal voltage disturbances. In functioning as a 
safety valve, it serves to dissipate the excess energy of 
the traveling waves and reduce them rapidly to the 


' steady-state condition. 


EFFECT OF HARMONICS ON APPARENT CAPACITANCE ° 


In corona loss tests on transmission lines, readings 
are taken of current, voltage, and power. From the 
ratio of watts to volt-amperes the power factor is cal- 
culated, and thereby the line current resolved into two 
components—one in phase with the voltage, and the 
other at right angles and leading. The latter, (con- 
sidered the charging current for the line capacitance) 
increases linearly with the voltage up to the point of 
corona formation; beyond, it bends rapidly upward. 
Curves showing this are given by Lewis‘ and Peek. 
The variation from the linear relation above the critical 
voltage is generally attributed to the presence of the 
corona envelope increasing the line capacitance. 

This feature of corona was investigated on the ar- 
tificial line. Corona loss tests were made, and essen- 
tially the same procedure followed in measurement and — 
calculation as outlined above. For each voltage the 
value of line capacitance corresponding to the quadra- 
ture current was computed. The results, given in 


Fie. 10—Current TRANSIENT AS SHOWN IN Fig. 9, BUT WITH 


CoRONA 


graph form in Fig. 11, show in the upper part the 


‘variation of volt-amperes, net watts of corona loss, and 


power factor with applied voltage. In the lower 
part are given the total current, corona current, charg- 
ing current, and the apparent capacitance. There is 
an interesting similarity between these and the char- 
acteristic curves of real corona. 

The true capacitance of the 189 miles of artificial line 
was 1.445 microfarads. The capacitance calculated to 
agree with the test charging current at a voltage 40 per 
cent above the critical value was 1.51 microfarads. 
Thus with only the leakage effect of corona represented, 
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the capacitance of the line was apparently increased 
4.6 per cent, and this with no actual change taking place 
in the fixed condensers which supplied it. In this con- 
nection, Lewis reports an increase of 32 per cent, found 
when the voltage was 70 per cent above the critical 
value. Although small in comparison with this, the 
increase which was obtained on the artificial line showed 
plainly that an ionized envelope is not an essential to the 
occurrence of this effect. 

It was possible to show in another way that at least 
much of this capacitance change found on lines is ap- 
parent. The above test was repeated, measuring only 
the loss in a single corona.leak shunted by a fixed con- 
denser. The quantities, Fig. 12, were calculated as for 
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Fic. 11—CHaARACTERISTIC CoRONA CURVES OBTAINED ON AN 
ARTIFICIAL LINE HAVING ARTIFICIAL CORONA, SHOWING TYPICAL 
INCREASE IN LINE CAPACITANCE 


a line. The curves are almost exact duplications in 
form of those given for real corona. The charging 
current and apparent capacitance of the condenser were 
distinctly increased at voltages exceeding the critical 
value of the leak. The capacitance changed from 1.06 
to 1.25 microfarads, which is a 21 per cent increase for a 
voltage 67 per cent above the critical value. These 
’ results were obtained, using a voltage of approximately 
100 volts; there was no corona envelope, and the true 
capacitance of the circuit was known toremain constant, 
being a fixed condenser. 

In both of these tests the increase in charging cur- 
rent was real, but the increase in capacitance only 
apparent. This may be explained by the presence of 
harmonics. : 

In the transmission line case there was a distinct 
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distortion of the voltage between line and ground out 
along the line due to the corona harmonics. (Shown in 
Fig. 7). Being impressed on the normal line capaci- 
tance, these harmonic voltages produce large charging 
currents due to the fact that there is an increased suscep- 
tance to currents of harmonic frequencies. The result 
is that the quadrature, or capacitance component of 
the line current, is increased more than proportionately 
to the applied voltage. 

Further, as shown in Fig. 6, the current at the genera- 
tor end of the line under corona conditions was highly 
distorted in comparison with the voltage at that point. 
The meters connected there for measuring the current 
and voltage indicated only the effective values of the 
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Fig. 12—CHaARAcTERISTIC CORONA CURVES OBTAINED WITH 
AN ARTIFICIAL CorOoNA LEAK SHUNTED BY A FIXED CONDENSER, 
SHow1nG APPARENT INCREASE OF CAPACITANCE 


wave forms, and in making the subsequent computa- 
tions, equivalent sine waves having these values were 
substituted for the distorted waves. 

The error introduced ‘by neglecting the harmonics in 
making the calculations is brought out by the results 
of the test on the leak and shunting condenser. In that _ 
case the current and voltage wave forms were as shown 
in Fig. 3; the current only was distorted, the voltage 
remaining practically sinusoidal. This produced a 
decrease in the power factor, for the harmonics which 
existed in the current and not in the voltage contributed 
nothing to the average power, but did increase the 
effective value of the current required to produce that 
power. The result of this is shown by the vector 
diagram of Fig. 13. 

The fundamental I, of the current has an energy 


component J, in phase with the voltage, V. As the 
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voltage is sinusoidal, this is the only part of the current 
that contributes to the power. The harmonics increase 
the effective value of the total current from J, to IJ, 
but its energy component must remain the same. Con- 
sequently, when an equivalent sine wave is used for J, 
as is done in making the usual computations, the result 
is an increased quadrature current J, and correspond- 


Iq 
a V 
The results of the above tests are evidence that the 


capacitance change attributed to corona is not at least 
entirely a phenomenon due to the presence of an en- 


ing apparent capacitance calculated from C = 


Fig. 13—I vuustratina HOw INCREASE IN CAPACITANCE RE- 
SULTS FROM THE SUBSTITUTION OF HQUIVALENT SINE WAVES 


velope. The indications are that it is a direct result of 
distorted wave forms, and of a method of calculation 
in which only equivalent sine waves are considered. 
The “change in capacitance” accompanying corona is a 
means of describing a particular effect, that is, the 
upward bend of the charging current, and its explana- 
tion therefore is largely a matter of definition. Al- 
though capacitance is usually defined as the charge per 
unit rise of potential, it is not likely that the ions of the 
corona envelope constitute a charge in the true sense of. 
the word, as probably little of the charge in the envelope 
can return to the conductor as the voltage drops from 
its crest value. 

The final proof of whether or not there is a real ca- 
pacitance change may well lie in the actual measure- 
ment of a line capacitance both with and without corona 
present. Tests of this nature have been made at 
Massachusetts Institute of Technology by M. T. Dow. 
An exploring wire was placed in the field near one of the 
conductors of a laboratory span, upon which was formed 
direct-current corona, and the ¢apacitance between the 
wire and conductor measured. This is a method laden 
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with experimental difficulties due to the high voltages 
which must be used, the smallness at best of the quan- 
tities dealt with, and the essentially negative nature of 
the problem. Four different methods of capacitance 
determination were used, but no indications of any 
capacitance increase were found. This warrants the 
conclusion that the increase, if there is any due to the 
corona envelope, is very small. There seems, therefore, 
to be as yet no definite proof that corona does cause an 
actual change in the capacitance of a transmission line. 


SUMMARY 


1. The energy loss and distortion characteristics of 
corona can be closely approximated on an artificial line 
by simulating the cyclic change in line leakance peculiar 
to corona. This corona leakage can be lumped simi- 
larly to the resistance, capacitance, and inductance of the 
line. 

2. Corona may cause a distortion of voltage to 
neutral even when there is a complete circuit for the 
third-harmonic currents provided by a grounded 
neutral. 

3. The harmonics introduced by corona will not 
cause unusual resonance effects or extra-potential rises 
in the case of an unloaded line. 

4, The results indicate that voltage distribution for 
usual corona conditions can be calculated within engi- 
neering accuracy by the methods at present in use. 
For this, the corona loss can be represented by an 
equivalent ohmic leakance. 

5. Qualitative results were obtained which support 
the general belief that corona, in forming only at high 
voltages, can be effective in suppressing high-voltage 
disturbances. : 

6. The “extra-capacity effect’’ accompanying corona 
is largely a matter of definition. The presence of an 
envelope of ionized air about the conductors is not an 
essential to its occurrence. It is probable that at least 
the greater part of the capacitance change is apparent 
only, resulting from the method by which the capaci- 
tance is calculated, and from the increased line admit- 
tance to charging currents of harmonic frequencies. 

In conclusion, the author wishes to thank Doctor 
V. Bush for suggesting and supervising this investi- 
gation, and also Messrs. M. T. Dow and R. Henriksen 
for their assistance in the experimental work. 


Three-Phase, 60,000-Kv-a. Turbo Alternators 


for Gennevilliers 
DY “hy ROTH: 


Associate, A. I. E. E. 


HE Sceciété Alsacienne de Constructions Mécan- 
iques at Belfort (France), installed for the 
Société l’Union d’Electricité, in the Gennevilliers 

Generating Station near Paris, three 45,000-kv-a. sets in 
1922 and another in 1924. The alternators of these sets 
were, at the time, the largest four-pole machines 
ever built, but they are now exceeded in power 
by the two new 60,000-kv-a. units, of 65,000-kv-a. 
overload capacity, that the Société Alsacienne is build- 
ing for the Gennevilliers Generating Station. Like the 
45,000-kv-a. generators, these new units are designed for 
delivering three-phase current at 6000 volts, 50 cycles, 
and run at 1500 rev. per min. direct-connected to 
50,000-kw. steam turbines (Fig. 3). 
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Fig. 1—LoneirupInat Part-SectionaL ELEVATION OF 60,000- 
Ky-a. ALTERNATOR 


The makers have sought to obtain the greatest 
strength, electrical and mechanical, in the construction 
of these machines, ensuring complete reliability of 
operation, and three years’ service with the 45,000- 
kv-a. alternators has shown that this purpose has been 
fully attained. These machines: have been running 
without accident, and tests have proved that they can 
even yield 55,000-kv-a. without difficulty. Indeed 
there have been cases where it was necessary to run 
them at this overload at very low power factors. In 
view of these good results, it is easy to understand that 
relatively small modifications had: to be made in the 
design of the 45,000-kv-a. alternators to provide the 
60,000-kv-a. units. It has even been possible to make 
their stators and rotors interchangeable. 

The detailed description of the 45,000-kv-a. alter- 


1. Chief Electrical Engineer, Société Alsacienne de Construc- 
tions Mécaniques, at Belfort. 

Presented at New York Section Meeting of the A. I. E. E., 
October 23, 1925. 


nators which the author has published elsewhere? can 


-thus apply to the 60,000-kv-a. units, and it seems un- 


necessary to repeat it here. It will be sufficient to 
point out, shortly, the modifications that the first 
alternators have undergone. However, it has occurred 


Fig. 2—TRANSVERSE PartT-SECTIONAL ELEVATION 


to the author that it would be interesting to reproduce 
in this paper, as an example of European practise, some 
of the photographs which have been reproduced in the 


Fig. 3—GrneraL View or 50,000-Kw. Smut 


2. E. Roth. The 40,000-kv-a. alternators built by the 
Société Alsacienne de Construetions Méchaniques for the 
Gennevilliers Power Plant of the: Union d’Eleectricité. Revue ~ 
Générale de |’Electricité, 24th February 1923, Vol. XIII, page 
307, and Bulletin de la Société Alsacienne de Constructions 
Mécaniques, No. 2, April 1923, page 42. 

Large Turbo Alternators at Gennevilliers; the 40,000-kv-a. 
alternators of the Société Alsacienne. The Electrical Review 
21st and 27th April 1923, pages 604 and 646. 

E. Roth. Advances in the Construction of Large Turbo 
Alternators. An account delivered to the International Congress 
at Léige, 1922, and Revue Générale de l’Electricité, 27th January, 
1923, Vol. XIII, page 129. 
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papers to which reference has been made. ‘These 
photographs show assembled views of the machines (Figs. 
1 to 5) as well as detailed views of the stator (Figs. 6 
and 7) and the rotor (Figs. 8 and 9) in the various 
stages of construction. But it is desired especially to 
call attention to some of the unusual features of these 
machines which may interest the American engineer, 
and to point out the methods and results of tests 
carried out on these machines. 


COMPARISON BETWEEN THE DIMENSIONS OF 60,000- 
Ky-A. AND 45,000-Kv-A. ALTERNATORS 


Some of the numerous heat tests made on the 45,000- 
kv-a. alternators are given later in this paper. At the 


Fic. 4—View or 60,000-Kv-a. ALTERNATOR 


50,200-kv-a. load (Test No. VIII) it will be noticed 
that the temperature rise of the copper, measured by 
thermocouples placed on the bare copper, inside the 
wrappings, was but 37.5 deg. cent., while the tempera- 
ture rise of the rotor copper at the same load, as 


Fig. 5—ALTERNATOR IN CourRSE OF ERECTION (SHOWING 
Derarts or Stator WINDING AND ConstRucTION or Rotor) 


measured by the increase of its resistance, was only 67 
deg. cent. although the power-factor was but 0.65. 
These small values of temperature rise, due to an 
excellent system of ventilation, have, as already stated, 
permitted the new machines to be given the same geo- 
-metrical dimensions as the old, which have a total 
length of active iron of 278 em. (Fig. 1). 

The stator winding of the 45,000-kv-a. alternators 
was full pitch, while that of the 60,000-kv-a. units 
(Fig. 5) is a fractional pitch winding. The small 
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increase of flux made it necessary to slightly mcrease 
the section of the rotor disks by reducing the air ducts. 
The resistance of the latter to the passage of the air 


has thus been somewhat augmented; this, however, is 


negligible, owing to the total section of the air ducts 
being very large. 


Fic. 6—BorING oF STATOR 


For providing stability, the air-gap has been enlarged 
from 2.5 to3 cm. The increase of the excitation which 
results therefrom is somewhat compensated for by the 
reduction of the armature reaction. The full-load 
excitation of the 60,000-kv-a. units requires 72,000 
ampere-turns per pole while 65,000 ampere-turns are 
required in the 45,000-kv-a. units. It is obvious from 
the results of the test already mentioned and which 
corresponds to 75,000 ampere-turns, that the tempera- 
ture rise of the rotor copper of the new machines will 
be less than 65 deg. cent. These 72,000 ampere-turns 
correspond to a current of 680 amperes with 19 conduct- 
ors per slot or 114 turns per pole. (Fig. 9). 


Fic. 7—Compiete Stator ReEapy FoR WINDING 


Fig. 10 represents the stator slots of the two alterna- 
tors and shows the proportions employed to provide for 
a very great leakage flux, constituting the most remark- 
able feature in these machines. Reference will be made 
to this feature later in the paper. The number of slots 
has not been altered but the section of the copper is 
slightly larger in the 60,000-kv-a. machines than in the 
45,000 kv-a. units. 


Oet. 1925 


The bars in both machines are similarly constructed, 
and are made up of component conductors strongly 
_ Insulated from each other and placed obliquely to the 
center line of the slot in order that they shall have 
identical positions with respect to the slot-field, (Fig. 
11). The eddy current losses are thereby cut down to 
a negligible value. In fact, the examination of the 
reports of the heat test shows that the readings of the 
couples which are laid right on the copper (the first at 
the top of the lower coil side and the second at the top 


Fig. 8—Roror on tHe LAtTup 


of the upper coil side), numbered 10 and 12 in Fig. 10, 
are very nearly the same. In badly designed bars, the 
stray losses due to eddy currents are very much greater 
in the upper conductor of a slot than in the lower. The 
fact that the temperature rise of both conductors is the 
same leads to the conclusion that the supplementary 
losses are completely eliminated. 


Fic. 9—60,000-Ky-a. Roror Bring Wounp 


The dimensions of the air-cooler, a description of 
which has already appeared in the papers mentioned, 
have been somewhat enlarged. It will be recalled that 
the air describes a closed circuit. It is cooled by means 
of an air-cooler wherein the condensate circulates and 
which possesses the interesting characteristic that the 
amount of cooling water is maintained greater than a 
given minimum whatever the load may be. Thus a 
certain part of the water returns to the condenser 
immediately after leaving the air-cooler. This ar- 
rangement was made to overcome the difficulty of the 
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losses in turbo alternators being but slightly variable 
with the load, whereas the amount of condensed water 
essentially depends thereupon; hence, there is a risk of 
overheating the air at light loads if the condensate 
alone is employed for cooling. 
The total weight of the 60,000-kv-a. alternator is 162 
metric tons (356,400 lbs.), without bearings and base- 
plate. The stator alone weighs 104 tons; the rotor, 
with the exciter, 50 tons; and the end-shields, 8 tons. 
It may be interesting to compare these weights with 


1,23 
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Stator Slots 


a ; b 
45,000 Kilovolt-amperes 60,000 Kilovolt-amperes 


Fic. 10—SHowine ARRANGEMENT OF THERMOCOUPLES 


those stated by Messrs. Foster, Freiburghouse, and 
Savage in their paper on “Large Steam Turbine Genera- 
tors,” JOURNAL of the A. I. E. E., October 1924, page 
923. For a 62,500-kv-a., 1200-rev. per min., 60-cycle 
turboalternator, these authors give the following 
weights: stator, 98 tons without bearings and base- 
plate; rotor, 93 tons; end shields, 11 tons;—giving a 
total weight of 197 tons. The differences in weight _ 
are easily explained by the fact that the Société Alsa- 
cienne’s alternator is a four-pole machine while the alter- 
nator described by those authors is a six-pole machine. 
CONSIDERATION OF THE ADVANTAGE OF EMPLOYING 
LEAKAGE SLOTS 

The leakage slots (Fig. 10) are the most interesting 
feature in these machines. They serve a double 
purpose since they first artificially increase the leakage 
for the stator, thus reducing the instantaneous short 
circuit current to a very low value, and then serve 


908 


advantageously as a channel for the cooling air. These 
two functions of the leakage slots will be examined in 
detail and it will be seen that the latter is by no means 
the least important. 

The design of these machines has been largely in- 
fluenced by the condition that, without the use of re- 
actance coils, the instantaneous value of the sym- 
metrical short-circuit current should not exceed four 
to five times that of the normal currents. The actual 
values are 4.17 for the 45,000-kv-a. alternator and 3.7 for 
the 60,000-kv-a. units. To obtain these exceptionally 
low values, special arrangements had to be employed. 

It is a well-known fact that the instantaneous short- 
circuit current in turbo alternators is almost solely 
limited by the stator leakage, for, not only is the rotor 
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leakage very small, but its effect is still further reduced 
by the presence of dampers. Therefore, neglecting the 
rotor leakage, the above mentioned values of the 
instantaneous short-circuit current in the 45,000- 
kv-a. and 60,000-kv-a. alternators correspond to 
respective inductive drops equal to 24 per cent and 27 
per cent of the normal pressure with the normal cur- 
rent. But it is not recommended to obtain these high 
inductive drops by the usual means consisting of design- 
ing an alternator with a high armature reaction, be- 
cause, as will be seen later on, serious disadvantages 
could result in the course of operation. But let us 
first examine the conditions which must be fulfilled in 
the dimensioning of the leakage slots and their advan- 
tages to the alternator itself. 

The height of these slots may occasion surprise, 
since the same inductive drop could, in fact, be obtained 
by means of much smaller slots. Thus the supplemen- 
tary leakage obtained by the leakage slots is the same 
in a and 6 of Fig. 12. But it should be borne in mind 
that on a short-circuit the normal path offered to the 
flux is checked and that the major part of the flux is 
obliged to seek its way across the slots. It is necessary, 
therefore, that the depth of the leakage slots be sufficient 
to avoid saturation of this path, since the magneto- 
motive force, and thus the short-circuit current which 
produces it, would be increased due to saturation. 

The following table shows how the inductive voltage 
drops caused by stator leakage are distributed in both 
machines; these figures are stated in per cent of the 
normal voltage for the normal current. 


45,000-kv-a. 60,000-kv-a. 
Alternator Alternator 
Normal slots cso... sana 2.8percent 4.1 percent 
End connections.......... 9.5percent 12.0 per cent 


Zig-zag leakage........... 1.5 per cent 
Leakage slots.............10.2percent 9.0percent 
TTOtL To eee ohare ae 24.0 percent 27.0 per cent 

Therefore, on a sudden short-circuit, the flux which 

passes across the leakage slots in the 45,000-kv-a. 


1.9 per cent 
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alternator iso or 42.5 per cent, and, depending on 


the instant of the short-circuit, even twice this value, 
or 85 per cent of the normal flux. In the 60,000-kv-a.. 


alternator, the corresponding values are = or 33 per 
cent and can reach twice this value, or 66 per cent of the 
normal. flux. 

Owing to these values being smaller in the 60,000- 
kv-a. machines, it has been possible to reduce the height 
of the leakage slots (Fig. 10) and thus increase the 
height of the core back of the slots with the same 
magnetic density in the core of both alternators, 
notwithstanding the greater total flux in the 60,000- 
kv-a. design. 

Advantages of the Leakage Slots with Regard to the 
Alternator. It may be contended that these high teeth 
cause an increase of the losses in the teeth, but this 
possibility is easily compensated for by very slightly 
increasing the weight of the copper. And here the 
first advantage of these slots appears, in that they per- 
mit a greater weight of copper to be placed on the stator 
than that corresponding to the diameter of the bore. 
This greatly facilitates the construction of very power- 
ful alternators. 

a 
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Another advantage resulting from the leakage slots 
may be described as follows. The important point on 
short-circuit is not the actual value of the instantaneous 
current, but the stresses exerted on the end connections. 
But these stresses are weaker at equal short-circuit 
current when the reactance is produced by increased 
slot leakage. In fact, in alternators where the stator 
leakage is obtained by a high armature reaction, the 
major part of the leakage is due to the end-connections. 
It is consequently necessary that on short-circuit these 
should withstand the dynamical stress due to a flux 
nearly equal to the normal flux, or, depending on the 
instant of short-circuit, to even twice this flux. Now in 
the case of the 45,000-kv-a. alternator, the flux that, 
on short-circuit, is interlinked with the end-connections 


9.5 
18, DU aa 


a4. OF about 40 per cent, and in the worst 
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conditions 80 per cent of the normal flux. In the case 


, 12 
this value becomes = or 


of the 60,000-kv-a. units, o7 


44.5 per cent, and a maximum of 89 per cent. Further- 
more, in machines with high armature reaction, the 
weight of copper to be placed in the end-connections is 
much greater than in a machine with a small armature 


reaction, and consequently, the involutes are longer and. 


more difficult to secure and higher stress must be with- 
stood by a part less capable of withstanding it. 


We have already stated that the leakage slots per- 
form an important function in the ventilation of these 
machines; reference to this will be made later. 


Advantages of the Leakage Slots with Regard to the 
Operation. Having pointed out the advantages of the 
leakage slots with reference to the alternator itself, we 
will now examine the advantages they present with 
regard to operation. 


One important condition with which the alternators 
have to comply relates to stability of operation, which 
requires a high pull-out torque; the alternator should 
not tend to hunt or run out of step under an accidental 
overload. The condition of stability is generally com- 
plied with when the machine operates on a system 
having a certain inductive reactance, but it is more 
difficult to satisfy when: it may be called upon to 
supply a system with a capacitive load or even when 
the power factor is not much different from unity. 
Now, when ‘the limiting instantaneous short-circuit 
current imposed is low, the required stability may be 
attained with an alternator having a high armature 
reaction, or, in other words, owing to stability refine- 
ments it may become impossible to design the alternator 
for the short-circuit current imposed. In this case, 
compliance with the conditions of stability leads to the 
design of an alternator with a rather high flux, and to 
the artificial increase of the leakage by means of special 
slots so as to obtain the proper value of the instan- 
taneous short-circuit current. 

But a small armature reaction is also necessary when 
it is desired to avoid self-excitation. This question 
is of sufficient importance to be dealt with in the special 
section following. We shall see that in this further 
particular, the leakage slots are extremely useful. 


THE AUTO-EXCITATION OF TURBO ALTERNATORS 


It is known that in certain conditions an alternator, 
when switched on to a capacity, may be self-exciting; 
that is, it may proceed to function as a generator, its 
magnetizing current being supplied by the capacity. 
This phenomenon has been described many times’, 


3. P. Boucherot. Alternateurs Auto-excitateurs. Bulletin 
de la Société Internationale des Electriciens, Feb. 1898, Vol. 
DV), pena: 

A. Blondel et Ch. Lavanchy. Rapport sur les réactions d’un 
réseau 4 haute-tension sur l’excitation des alternateurs. Effets 
de résonance et d’auto-amorecage sous charge réduité. Compte- 
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especially by American engineers. These studies show 
that an alternator will be less self-exciting the larger 
the air-gap and the smaller the armature reaction. 

Synchronous Self-excitation of Alternator with Salient 
Poles. Messrs. Blondel‘ and Bethenod® have shown 
that an alternator, when connected to a capacity, 
may be self-exciting under certain conditions if the 
reluctance of the path offered to the flux of direct 
reaction is different from that offered to the flux of 
transversal reaction. The current produced is at a 
frequency synchronous with the pulsation. We call 
this phenomenon “synchronous self-excitation.” This 
difference between the reluctances of the paths of the 
two fluxes of reaction always exists in salient-pole 
alternators, but it is not so marked, being sometimes 
absent altogether, in turbo alternators. The syn- 
chronous  self-excitation cannot therefore generally 
take place in these machines, and is even absolutely 
impossible when the rotor teeth are uniformly distrib- 
uted over the periphery of the rotor. 

Asynchronous Self-Excitation of Turbo Alternators. 
In this case, however, another kind of self-excitation 
may take place, but it is necessary that the rotor be 
provided with dampers or the rotor winding be a closed 
circuit. The frequency of the current produced by the 
machine is no longer synchronous with the pulsation 
when the field does not revolve synchronously with the 
rotor, and obtains a certain slip with regard toit. This 
phenomenon which we have called “asynchronous 
self-excitation”’ has been studied by Mr. Bethenod®, 
who pointed out the danger it would present to turbo 
alternators. 

The conditions of self-excitation, whether synchro- 
nous or asynchronous, are thesame; the main cause is the 
residual magnetism. The self-excitation may in general 
be explained as follows: . 
rendu des trauvaux de le 1° Conférence internationale des Grands 
réseaux, 1921, p. 881. : 

J. Bethenod. Sur l’alternateur 4 résonance. 
electrique, 25th December, 1909, Vol. VIII, p. 398. 

F. D. Newbury. The Behavior of Alternators with Zero 
Power-factor Leading Current. The Electric Journal, 1918, 

. 063. 
"= R. W. Sorensen, H. Cox, and G. E. Armstrong. California 
220,000-volt, 1,500,000-kw. Transmission Bus. ProcrEpines 
A. I. E. E. 1919, Vol. XX XVIII, p. 1027. 

W.O. Morse. The Behavior of Alternating-Current Genera- 
tors when Charging a Transmission Line. General Electric 
Review, Feb. 1920, Vol. XXIII, p. 109. : 

C. J. Fechheimer. Transactions A. I. E. E. 1920, Vol. 
XXXIX, p. 1637. 

G. Darrieus. Les réseaux de distribution et la transmission 
a trés haute fréquence. Exemples Américains. Bulletin de la 
Société francaise des Hlectriciens 1920, Vol. X, p. 411. 

T. Labouret. Répercussion des lignes de forte capacité & 
vide nu le fouctionnement des alternateurs. Revue générale 
de l’Electricité, 17th December 1921, Vol. X, p. 875. 

4. loc. cit. 

5. loc. cit. 

6. T. Bethenod. Auto-amorecage des machines, 4 rotors 
cylindriques associées & des condensateurs. Revue générale de 
l’Electricité, 8 September 1923, Vol. XIV, p. 307. 
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When starting an alternator connected across a 
condenser, the residual magnetism induces in the alter- 
nator a very small electromotive force. This, owing to 

‘the presence of the condenser, produces a current 


vi" 3 n 
leading by ar which adds its magnetizing action to 


that of the residual magnetism. However, this effect 
can start the auto-excitation only at the speed by which 
the capacitive reactance of the condenser is slightly 
higher than the inductive reactance of the alternator. 
In fact, from this time on, the current in quadrature 
with the electromotive force is sufficient to magnetize 
the machine. As the pressure builds up, the current 
does likewise, one boosting the other, the phenomenon 
being limited only by the saturation of the alternator. 

But any condenser has losses, however small they 
may be. Losses are also developed in the iron and 
copper of the alternator due to the passage of current, 
and these losses can be even higher than the normal 
losses. As the corresponding active power can be 
_ derived only from the motor driving the alternator, an 
electromagnetic torque has to be developed between the 
stator and the rotor. 

The existence of this torque is rendered possible in 
two ways,—in the salient-pole alternators, by the dis- 
symmetry of the magnetic circuit in which case the 
self-excitation is synchronous, and in the turbo alter- 
nators, by the presence of a damping circuit or the closed 
field circuit. In the latter case, the self-excitation is 
asynchronous; in fact, an active component of the cur- 
rent in the stator requires the presence of a correspond- 
ing component in the rotor winding for the production 
of which an electromotive force is required, and in order 
that it may be induced, it is necessary that the speed of 
the rotor be different from that of the revolving field, 
the rotor leading with regard to the field by the speed 
of theslip. Therefore the conditions of the-existence of 
this component of the current.in the rotor are the same 
as the conditions of existence of the current in the in- 
duced winding of an asynchronous generator. 

The condenser is practically represented by the line 
which has but a small resistance. The value of the 
slip is then very small so that the frequency of the 
alternator running under the conditions of asynchronous 
self-excitation is not, at the normal speed, much 
different from the normal frequency; hence it ensues 
that the conditions of asynchronous self-excitation and 
of synchronous self-excitation are the same. The 
alternator is self-exciting when the capacitive reactance 
of the line is slightly superior to the inductive reactance 
of the alternator, the limiting case being where the 
characteristic of the line coincides with the straight 
part of the no-load characteristics of the alternator. 

Formula Useful in Ascertaining the Conditions of 
Self-excitation. The conditions of self-excitation just 
stated can be expressed inavery simple form. An exam- 
ination of the no-load and short-circuit characteristics 
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of an alternator determines whether self-excitation 
will take place in the case of a line of, say, L km. length. 

Study of a certain number of high-voltage, three-phase 
lines indicated that their capacitive reactances did not 
vary much from one line to another and that the value 
per phase (whatever the pressure), is, for 50-cycle lines, 
about 0.385 x 10° ohms per km. It is therefore 
approximately correct to multiply the value of the line 
pressure U, per phase, by the reciprocal of this capaci- 
tive reactance and by the length, L, in km., to obtain 
the charging current of the line, or: 


10-6 
oer XL XK OH U0 amiperes 
0.885 +/ 3 : 
Multiplying this value by the transformer ratio 
gives the value of the charging current in the line, 
corrected to the pressure U, of the alternator. It 
becomes 
2 


U, 


According to what has just been stated, the self- 
excitation will take place when the magnetizing current 
supplied by the line is slightly higher than the current 
necessary for exciting the alternator. Therefore, by 
reading, on the extension of the straight part of the no- 
load characteristic of the alternator, the number of 
ampere-turns corresponding to the value U, of the 
normal voltage of the alternator, and determining the 
armature current J, on the short-circuit characteristic 
corresponding to the same number of ampere-turns, © 
the self-excitation takes place when 


YESSY iP 


= ite < L X 10-* amperes. 


or when 


2 


U, 


1:5 x L xX 10-* > I, amperes. 

Application of Formula to the 60,009-kv-a. Alternator. 
The full lines on Fig. 13 represent the no-load and the 
short-circuit characteristics of the 60,000-kv-a. alter- 
nator. It will be noticed that a current J, = 2400 
amperes on the short-circuit characteristic corresponds 
to the normal pressure of 6000 volts read on the straight 
part of the no-load characteristic. Assuming a three- 
phase line at U = 150,000 volts at 50 cycles, self- 
excitation will take place when the length, LZ, of the 
line is such that 


be oot.b Ae 10-* > 2400 
Kubo xX 6000 e > amperes, 
or 
L > 426 km. 


Let us now compare this alternator with another of 
the same kv-a. output, but without leakage slots, one 
which also has to comply with the condition that the 
instantaneous short-circuit current be 3.7 times the 
normal current, corresponding to 27 per cent inductive 
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drop due to the stator leakage. As it is constructed, 
the leakage slots of the alternator produce 9 per cent 
inductive drop. Suppressing these leakage slots will 
give a total drop of only 
27 — 9 = 18 per cent. 

It is therefore necessary that the alternator without 
leakage slots be designed with a sufficiently higher 
number of conductors to increase the reactance from 
18 to 27 percent. As.the inductive drop increases 
as the square of the number of conductors, the numbers 
of conductors on the stators of the two machines should 


be in the ratio, 
Ae 225 
18 


The flux in the second machine is reduced in the same 
ratio. There being imposed the supplementary con- 
dition that the magnetic circuits of both alternators 
be identical and all parts be submitted to the same 
induction, it ensues that their lengths should be in the 
ratio of these fluxes. Therefore, the length of the active 
iron of the alternator without leakage slots becomes 


278 
Poe ea CMs 


1.225 

The copper on the periphery of the rotor of the second 
machine will have the same section and will then be 
capable of developing a magnetomotive force corre- 
sponding to 72,000 ampere-turns. Constructing the 
Potier’s diagram for this new alternator shows that 
this total number of ampere-turns can be maintained 
only when the armature reaction is increased by 22.5 
per cent by reducing the air-gap from 8 to 1.64 cm. 
But it is very possible that an alternator so designed 
will be unstable. 

The no-load and short-circuit characteristics of such 
an alternator are traced in dotted lines on Fig. 18. 
Applying the above stated rule, it will be found that the 
self-excitation will take place if the length, L, of the line 
be such that 


150,000? 
6000 


corresponding to a line of 
L > 202 km. 


This shows that with an imposed instantaneous short- 
circuit current of, say, 3.7 times the normal current, the 
alternator with leakage slots is self-exciting when the 
length of the line exceeds 426 km. while the one without 
leakage slots is self-exciting when the length of the line 
is only 202 km. This important advantage is obtained 
by arelatively slight increase of the length of the active 
iron from 227 to 278 cm. Let us further add that the 
alternator without leakage slots becomes unstable; also 
that in spite of an equal short-circuit current, the end 
connections are stressed twice as much as those of the 
alternators with leakage slots, and that, finally, it be- 


<x L X 10-* > 1140 amperes, 
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comes very difficult to place the copper on the periphery 

of the stator. 

VENTILATION OF 45,000-Kv-a. 
ALTERNATORS 


The ventilating air of the rotor follows two courses: 
One part enters the holes in the plates supporting the 
fans (Fig. 1), passesinto the end-connections, and escapes 
by the notches cut into the end-plates of the rotor, as 
shown in Figs. 5, 8, and 9. 

The other part enters the rotor by conduits cut into 
the shaft (Figs. land 5), thence is distributed to the air 
ducts, from which it passes into the air-gap and is 
expelled through some of the air ducts of the stator 
(Fig. 7), thus contributing to the cooling of the same, and 
is finally discharged into the frame. Therefore, the 
cooling air follows a radial path passing through the 
rotor at a rate of from 13 to 14 cubic meters per second. 

We have already pointed out the importance of the 
leakage slots to the ventilation of the stator, as per- 
formed in the following manner. Each fan situated 
at the ends of the rotor delivers from 18 to 19 cubic 
meters per second, draws the air into the end-shields, 
where it penetrates between the end-connections. 
These latter are particularly well cooled, because of a 
definite spacing maintained between the involutes, 
permitting the air to circulate freely around them. 

From the end-shields, the air enters by channels 
arranged in the frame (Fig. 6) and is distributed to the 
stator ducts. (Fig. 1). A certain amount of this air 
cools the core on its way across the ducts and passes 
into the frame; but the major part of the air penetrates 
between the teeth, then circulates axially in the leakage 
slots and follows the reverse path in the next duct, from 
which it also passes into the frame. 

These various paths of the air and the air guide 
baffles may be seen in Fig. 2. It should be under- 
stood that the baffles of one type which guide the 
air at the intake are situated along the entire air duct 
and those of another type to guide the air at the ex- 
haust are arranged all along the next air-duct. 

This system of ventilation may, in a certain manner, 
be compared with that described by Mr. Fechheimer 
in his paper’, but two essential differences exist 
between the two systems. First, in that of the Société 
Alsacienne, the air flows axially, not in the air-gap but 
in the leakage slots, the air-gap being, as already 
stated, a collector for the air of the rotor. The leakage 
slots are very close to the conductors and afford a much — 
greater surface for the transmission of heat than the 
air-gap. The second point which distinguishes the 
two systems lies in the fact that in the one described 
by Mr. Fechheimer the air of several air ducts is dis- 
charged by a corresponding number of other neighbour- 

7. An Experimental Study of Ventilation of Turbo Alterna- 
tors. Journat of A. I. E. E., May 1924, page 416, Fig. 23. 

Also see: Dr. Bratt. The Multiple Radial System of Cooling 
Large Turbo Generators. Journau of A. I. E. E., March 1924, 
page 185. 
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ing ducts, while in the system described herein, the air 
flowing across an air duct passes in a reverse direction 
in the next two. The speed of the air in the leakage 
slots is therefore small. 

This arrangement has consequently all the advan- 
tages of the axial ventilation without the inconveniences 
of producing very high temperatures at the center of the 
machines, the cooling air being distributed uniformly 
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mentally by tests carried out on the apparatus as 
represented in Fig. 14. 


MEASUREMENT OF THE TEMPERATURE RISE 


The heat tests to which the alternators have been 
subjected are also reported in Table I. One short- 
circuit test (No. I), one no-load test,. with no-excita- 
tion, which gave the temperature rise due to the venti- 


TABLE I 
Test No. iF II IIf IV Vv VI VIIt VIIIt 
On No load 
Nature of Test short not No Load On Load 
circuit excited 
Voltage. V occ cau steuleties te 6000 4800 5400 5350 5610 5820 
Current (Aveee coe aise ne 4800 4450 4200 4600 4600 5000 
Fer eters pone / 22,500 26,500 32,500 32,000 32,800 
Load 
Koyeasasencis 37,000 39,300 42,700 44,600 50,200 
Power factors =n.sci ys es ae ae in 0.61 0.70 0.765 0.72 0.65 
Exciting current A......... 310 ee 136 415 430 432 455 545 
Position and Indication 
of the Couples* Increase of temperature above the temperature of the intake air, deg. cent. 
COrertMio se Sates es 25 of 39 42.5 44 45.5 49 52 
tegen rae tometer aes? waptne 18 4.8 3125 28.5 34 29.5 31.5 34.5 
fe Rye arent oh ken eee aes 17 6 30.5 27.5 29.5 30 28.5 31 
Toeth iG: sac aoe ee tte 70 9 24 47.5 5655 53).5 54.5 60.5 
Cal D Ieee Sn, aR ts ee, Se 44 10 22 38.5 38 40.5 39.5 46.5 
So) WER Retr. Faas enn 27 26 32.5 34.5 33.5 33.5 36.5 
OE Ne San eC 26 8 23 30.5 30.5 32 PH Fas 29.5 
Between ASA Shout ae 47 9 20.5 35.5 37.5 37.5 39.5 46.5 
Wirappings| seBaccmsn cacecr 32 10 26 32.5 31.5 th 36.5 40.5 
rs (Sig neath ais 27 9 23 23.5 25.5 7 23.5 27.5 
On the copper’ 10........ 40 12 26.5 33.5 32.5 33.5 31.5 3725 
In the slot jE Ate: Al 12 igo 33.5 33.5 32.5 31.5 37.5 


*The indications of the couples correspond to those given in Figs. 10 and 15. 


tCouple art. 


tTests Nos. VII and VIII were not carried out on the same group as Nos. I to VI. 


along the whole length of the laminations. The heat 
tests are the best proof of the efficiency of this system 
of ventilation. One will notice the fairly uniform 
value of the temperature rises along the whole length 


Alternator with great armature reaction 
Alternator with small armature reaction 


NO LOAD VOLTS SHORT-CIRCUIT AMPERES 
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of the stator read during the test No. III (Table I), 
where the alternator, excited at the normal voltage, 
was submitted to a no-load heat test. 

The necessary air pressure was determined experi- 


Fig. 14—Devicr ror Mrasurine Pressure or Cooiina AIR 


lating air (No. II), the test No. III already mentioned, 
and a number of testsat variousloads and various power 
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factors have been carried out, of which the tests No. 
IV to VIII have been reported. 

The temperature rise of the rotor was determined by 
the measurement of the increase of the resistance, that 
of the stator by means of thermocouples. Many of 
these were installed throughout the stator, most of them 
during the construction; thus couples have been laid 
within the laminations in the core and in the teeth when 
piling up the plates. Two couples were embedded 
right on the copper inside the wrappings in the middle 
of the bars. 
to neutral in order to avoid all danger during the reading. 

In almost every case the couples were laid in dupli- 
cate, one serving as a spare to the other in case of 
breakage. The location of the couples is indicated in 
Figs. 10 and 15. With regard to theiron, the tables 
make a distinction between the couples in the core and 
those in the teeth, also for the measurement of the 
temperature of the copper by couples between the 
wrappings and on the bare copper. 


MEASUREMENT OF THE LOSSES AND THE EFFICIENCY® 


This article by the author contains data with regard 
to the efficiency of alternators at various loads. Tests 
have been carried out in order to measure the amount of 
the air by means of an anemometer and the temperature 
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rise by means of thermo-electric couples laid at the inlet 
and at the exhaust of the air of the alternators. As the 
air circulates in a closed circuit the air chambers are 
not easily accessible, hence the measurement of the 
air speed by means of the anemometer israther difficult. 
For this reason, the Société Alsacienne has elaborated 
the following method which has confirmed the accuracy 
of the first measurement. It will be an interesting 
matter to discuss. . 

Various methods have been proposed which obviate 
the necessity of measuring the amount of air’. Of these 
we shall mention the following: a. When it is 
possible to measure the losses » in any running condi- 
tions (at no-load, for example), these losses are measured, 
as well as the temperatures t) at the intake and ¢, at the 
exhaust of the air. At the contemplated load the 
temperatures f’ and t,’ of the air at the intake and the 
exhaust are also measured. The total losses of the 


_ 8. E. Roth and G. Belfis. The Measurement of Losses in 
Totally Enclosed and Ventilated Electrical Machines, Specially 
the Turbo Generators. Bulletin de la Société Alsacienne de 
Constructions Mécaniques, No. 9, January 1915, page 20. 
9. S.F. Barclay. The Determination of the Efficiency of the 
Turbo Alternator. The Journat of the Institution of Electrical 
Engineers. August 1919, page 293. 
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machine at the considered rating will be 
ty’ — to’ 
ty = to 


At 
A to 


D = Po 0 
b. It is also possible to install in the path of the air a 
heating resistance with which to calibrate the system. 
The power consumed by this resistance taking the place 
of the measurable losses ») mentioned in the first 
method, the total losses will be determined as indicated 
above. 

It is obvious that these methods of measurement 
apply not only to the turbo alternators but also to any 
totally enclosed and ventilated machines. They can 
easily be employed on the test stands, but they often 
meet with certain difficulties when it is necessary, as is 
very often the case, to apply them to machines already 
erected. With particular regard to the method under 
the heading (b), it is easy to see that installing a heating 
resistance across the air channel is difficult; and it does 
not give the desired result because the heating is not 
produced at the same places as on normal running. In 
the method described under (a), on the contrary, the 
known losses, which serve for the calibration of the 
system, are produced within the machine, and for this 
reason this method should be preferred to the other one 
whenever applicable. However it also presents certain 
difficulties when it is desired to employ it for the 
measurement of the losses in machines already installed. 

It often occurs that the no-load losses of the machine 
can be measured at the test stand where it is impossible 
to make a test under load. With these conditions, the 
method (a) is applicable to the machine when installed. 
The temperature rise corresponding to the known losses 
is first measured, the losses on load being deduced con- 
versely from the temperature rise of the air. But 
when the machine is of such dimensions that the no-load 
test on the test stand is impossible, this method cannot 
be employed directly. This is particularly the case 
with the large turbo alternators. In order to measure 
in this case the known losses 7 in the machine and to 
determine in a precise manner the temperature differ- 
ences, the following method has been devised which is 
particularly applicable to machines the ventilation of 
which is performed in a closed circuit. 

Calibrating the System. The known losses in an 
alternator may be determined by running it as a syn- 
chronous motor, but the power consumed by the latter 
includes not only the losses which contribute to heat the 
cooling air but also the friction losses in the bearings 
to which the losses in the driving motor (a steam tur- 
bine, for example) should be added when care has not 
been taken to disconnect it. However, two tests permit 
these constant losses to be eliminated, the alternator 
being run as a synchronous motor at two different 
voltages, the one e, as high and the other e, as low as 
possible. The constant temperatures being attained 
in each ease, the temperature rises A ft, and A ft, of the 
air are measured, as well as the powers consumed pz 
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and p,;. Fora power ps — , consumed in the machine, 
the temperature rise of the air would be therefore 
At. — At, and one may conclude conversely that, under 
the same running conditions as to rate of air flow, for 
which the temperature rise of the air would be At, 
the losses will be 


At 
p= Dairy Di) Feige AG NGS 


In order that the powers p». and p; may be accurately 


measured, it is advantageous to adjust the excitation . 


to reduce to a minimum the current input. 
Measuring of temperature rises. It is easy to under- 
stand that the value of the method will depend upon the 


Fie. 16 


accuracy with which the power and the differences of 
temperature, At, are measured. The industrial watt- 
meters permit of an approximation of 0.8 per cent; it 
will be seen later that, thanks to the test method 
adopted, the differences of temperature can be measured 
with such exactness that the accuracy of the method 
depends almost solely upon that of the wattmeters. 

The temperatures can be measured by three different 
means, the thermometer, the thermoelectric couples, or 
the variation of the resistance of a metallic wire. 

The thermometer is to be excluded from all methods 
of high precision; furthermore it is difficult to handle, as 
the apparatus for the measurement of the temperature 
must be installed at places highly inaccessible during 
the tests. 

Thermocouples could be employed, but these devices 
also do not afford as high a precision as the method 
based upon the measurement of the increase of the 
resistance of metallic wires. It is a known fact that 
measurements of resistance are the most precise meas- 
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urements in electrotechnics and even in physics in 
general. This last method has, therefore, been selected. 
It has the further advantage of greatly simplifying the 
measurements, owing to the fact that the increase of the 
resistance of a metallic wire in terms of the temperature 


Fic. 17—ARRANGEMENT OF RESISTANCES AND APPARATUS FOR 
MEASURING EFFICIENCY 


follows, at least in the limits that interest us, a rigorously 
linear law, which is not the case for the electromotive 
force of a thermocouple. 

». The variation of the resistance of a metallic wire is 
measured by means of a Wheatstone bridge. Direct 
measurements for the differences A t between the tem- 


Fic. 18—Oner or tur Two Resistances R, Piuacep 1n AIR 
ENTRANCE 


peratures at the intake and the exhaust of the air are 
made, rather than measuring these temperatures 
separately. To this end, two resistances, R, and ‘Ro, 
forming the two arms of a Wheatstone bridge (Fig. 16), 
are placed respectively at the intake, and the exhaust 
of the air R, and Rs, have equal resistances at equal 
temperatures. 
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As the temperature varies somewhat from one part 
of the section of the air conduit to another, the resist- 
ances Ff, and R» are placed-so that their elements are 
uniformly distributed over the whole section of the 
conduit; the difference of the average temperature is 
thus directly measured (See Figs. 17 and 18). 


Two other resistances, R; and R,, rigorously equal, 
form the other two arms of the bridge. When the 
machine is running either as a synchronous motor or as 
an alternator, the values of the resistances R, and R, 
vary, the resistance R, increasing with respect to R. 
As soon as steady thermal conditions are attained the 
balance of the bridges is restored by means of a resist- 
ance box, 7, and a wire of german silver, 1, provided with 
a slide which closes the circuit of the galvanometer. 

The resistance, p, taken on the box, r, and the wire, 1, 
which restores the balance of the bridge, is propor- 
tional to the temperature difference desired. Desig- 
nating by p; the correcting resistance for the calibrating 
test at the low pressure ¢,, by p2 that for the calibrating 
test at the higher pressure é, and by p the correcting 
resistance for the test under the considered load, there 
is obtained for the losses corresponding to this load: 


Sipe deine 

p Po— Pr ae 
The application of this method requires, therefore, 
the measurement of two powers and three resistances. 


Accuracy of method. It is possible to establish the 
values of the two resistances,R;, and the resistance box, 
r, with a very high precision. The absolute values of 
the resistances, R3, are of no importance. They need 
only be of the same order as thevalues of theresistances 
R, and R,; but it is absolutely necessary that they 
should be rigorously equal to each other. Before 
being installed in the machine, the resistances, FR, 
and R., are established with their definite connections 
and compared with each other. To this end, the 
elements being intermingled, they are placed for a 
sufficient length of time in closed boxes to make sure 
that the temperature of all elements is the same. 
This is ascertained by the fact that when replacing, R, 
or Rs, or conversely, the balance of the bridge is not 
disturbed. The accuracy of the values of the ratio 


oe is thus very high so that the accuracy of the 
1 : 


P2— Pp 


method depends almost solely upon that of the watt- 
meters. 

When making the calibration measurements it is 
advantageous, in order to increase the precision, to 
disconnect the alternator from the turbine; and this 
procedure should be followed every time the conditions 
of operation of the power plant permit it. 

The possible error in the losses of one alternator, the 
efficiency of which is 96 per cent, or nearly so,varies from 
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four to five per cent, with four per cent losses. The 
error in the efficiency therefore lies between: 
4 x 0.04 and 4 x 0.05 per cent, 


say, between 0.16 and 0.20 per cent. 


Discussion 


W. F. Dawson: The author is to be particularly congratu- 
lated on the production of a very fine machine. It has shown 
low heating, many novel and ingenious ideas, good mechanical 
engineering, and, I should say, very good efficiency. But there 
is one feature of the design that is quite startling to us in the 
United States. I know I speak for myself and for my im- 
mediate colleagues although I do not know that I speak for 
other manufacturers in this country. 

Mr. Roth has laid particular stress on the fact that, by means 
of his leakage slot, he has achieved very low short-circuit current, 
current as a result of sudden short cireuit. He has also pointed 
out that he has done this in preference to using very high arma- 
ture reaction and a correspondingly low flux. Nevertheless, 
his armature reactions are proportionately higher than we would 
feel safe in using. 

If we go back to the Electrical Review of London, April, 1923, 
we find there the saturation and impedance eurves (page. 646, 
issue of April 27th, 1923). The ‘‘saturation,’’ 6000 volts is, 
expressed in field amperes, about 136 amperes. The short- 
circuit impedance at 4200 amperes is approximately 270 am- 
peres. We feel that in designing alternators, particularly those 
to carry inductive load, the excitation required for normal 
ampere short-circuit impedance should not be much in excess 
of the excitation required at normal open-circuit voltage. 

I understand that it is the practise of many European de- 
signers to allow a high short-circuit impedance, making a 
machine in which the full-load field excitation is three times the 
open-circuit excitation. 

I also understand that somehow in general they are successful 
with it, probably because the increment of the load is small 
compared with the total load and perhaps, too, because of the 
more general use of automatic voltage regulators. I have had 
at least two or three glaring cases in my own practise, in which, 
before I realized the importance of designing for ‘‘voltage stabil- 
ity,” the voltage would break down at or about full load. One 
case was in a cotton mill where one turbo alternator was carry- 
ing the entire load of the mill and, according to the calculations 
which I learned later how to make, the machine should have 
had a voltage breakdown at about 2300 kw.; it was rated at 2500 
kw. I furnished a new armature which had lower armature 
reaction and, of course, higher flux, and the trouble disappeared. 

I have had other cases into which it is not necessary to go; 
we have also noticed it particularly in the case of ship propul- 
sion machines where one turbo alternator is to take care of the 
induction-motor load. That machine, or a group of machines, 
will be running along satisfactorily, but rough sea will increase 
the load on the motors, and the voltage falls faster than the 
amperes increase; hence the ky-a. is reduced and the motors 
break down. 

I should like the author to tell whether he has had any such 
experience. 

Philip Torchio: Mr. Roth’s paper gives an excellent illus- 
tration of the progress in large turbo alternator design. Some of 
the special features of his machines will undoubtedly be com- 
mented upon by expert designing engineers. From ‘an opera- 
tor’s standpoint, I wish to express my sincere appreciation of 
the remarkably low temperature rises of the copper in the stator. 
and the rotor. The long narrow slots with an abundance of 
radiating area, the winding bars of the armature, with their 
careful assembling to eliminate eddy-current losses and a com- 
bination of axial and radial ventilation, have been used to secure 
results which are superior to any with which I am acquainted. 
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In making this statement I wish to add that I have not had the 
time to analyze closely how much the results are influenced by 
the differences in number of poles and the relative capacities of 
the machines compared. Mr. Roth has already mentioned 
how the difference in number of poles for machines of same 
capacities affects the total weights of such machines. Un- 
doubtedly to some extent the number of poles imposes limita- 
tions upon the temperature rises. The employment of leakage 
slots may, however, be of a decided advantage in giving remark- 
ably low temperature rises. 


As to the advantage of reducing the short-circuit current, I 
shall be very much interested to learn of the comments of de- 
signing engineers. In our practise we have, for more than 
13 years, considered it essential to the safe operation of a large 
system to install reactors between generators and buses so as 
to protect the main bus against sort-cireuit failures in gener- 
ator windings. In such installations, therefore, the reduction 
of short-cireuit current on sound generators is limited by the 
external reactors, and designers may not find it necessary or 
desirable to employ leakage slots. This is a problem that should 
receive consideration in the discussion. 


C. M. Laffoon: These generators are unique, in that certain 
design features are carried to rather extreme limits. The 
author states that the 45,000-kv-a. turbo generators, which 
were installed in the Gennevilliers station in 1922, were the 
largest four-pole turbo generators built up to that time, This 
statement is somewhat liable to misinterpretation because these 
are 50-cycle machines and the design and construction of a 
given size, four-pole generator, operating at 1500 rev. per min. 
are not so difficult as the design and construction of a four-pole, 
60-cyele generator which operates at 1800 rev. per min. At 
the time these Gennevyilliers generators were installed, they were 
rated at 40,000 kv-a. At the same time the Westinghouse Com- 
pany was installing the first of the Hellgate generators which 
were rated at 48,750 ky-a., but were six-pole, 1200-rev. per min. 
The Westinghouse Company has since built generators of this 
same ky-a. rating but of four poles, 1800-rev. per min. Recent 
tests on these generators show that they will carry 50,000 kv-a. 
at 80 per cent power factor and do not exceed the standard 
guarantee of 60 deg. cent. temperature rise on the armature 
winding and 90 deg. on the field winding. The Westinghouse 
Company has also built 62,500-kv-a. generators for the Brooklyn 
Edison Company, but these were of six poles and 1200-rev. 
per min. At the present time a four-pole, 1800-rev. per min. 
62,500-kv-a. 80 per cent power-factor turbo generator is being 
developed by the Westinghouse Company and 1800-rev. per. 
min. generators with ratings as high as 75,000 kw. and 90 per 
eent power factor appear feasible to build and operate. 


It is to be noted that this generator is being wound for 6000 
volts, which is a relatively low voltage for 60,000-ky-a. rating. 
In the United States the majority of central stations generate 
at voltages varying from 11,000 to 13,800, and with some com- 
panies there is a decided tendency to specify a final insulation 
test voltage of three times normal plus 1000 instead of the stand- 
ard insulation test of twice normal plus 1000. However, some 
utility companies are considering the advisability of. having 
generators wound for lower voltages and solidly connecting the 
‘generators to step-up transformers without any intermediate 
cireuit breakers. In this case the final insulation test voltage 
would be on the order of four times normal plus 1000. On the 
other hand, other companies in the far west are considering 
16,500-volt generators. At the present time there does not 
appear to be sufficient data available to determine the maximum 
voltage stresses due to switching, short circuits, and lightning 
to which the generator windings may be subjected during actual 
service conditions. Until these data are-available, it will be 
difficult to determine the voltage and insulation strength which 
will give the greatest protection against over-voltages and still 
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not seriously affect the cost and the reliability of operation 
from the standpoint of temperature. 

In going over this paper the following outstanding features 
are of paramount importance: 

1. Small physical dimensions. 

2. Low short-circuit ratio, i.e., a low ratio of no-load field 
ampere-turns to the field ampere-turns which are required to 
maintain full-load sustained armature current. 


3. High leakage reactance. 

In comparing the physical dimensions of this 50-cycle genera- 
tor with those of a four-pole, 60-cyele, 1800-rev. per. min. 
generator of the same ky-a. rating, it is noted that the overall 
length of the active iron including the ventilating ducts is con- 
siderably less than that required for the 60-cycle generator. 
This is partly due to the fact, as previously indicated, that, 
for a given rotor diameter, the design and construction of a 50- 
cycle generator are less difficult than they are for a 60-cycle 
generator of the same rating and number of poles. Since the 
mechanical stresses in the rotor body and retaining rings are 
proportional to the square of the peripheral speed, approximately 
20 per cent more ampere-wires per inch. of wound periphery 
can be obtained for a given rotor diameter for the 50-eyele 
generator than for the 60-cyele generator on the basis of the 
same number of poles. In either case, for a given short-cireuit 
ratio, the kv-a. output is proportional to the produet of the total 
flux, rotor ampere-turns, and rev. per min. Hence, the length 
of the active iron of the 50-cycle generator would be appreci- 
ably less than that of the 60-cyele generator and would be equal 
to that of the 60-cyele generator multiplied by the inverse ratio 
of the total flux in the machine. Since the iron loss varies 
approximately as the second power of the flux density and 
about as 1.2 power of the frequency, the relative total flux for 
the two cases will depend on the effectiveness of ventilation for 
each generator. An examination of the temperature data of 
Table I shows rather high stator-iron temperatures as com- 
pared to the temperatures on the bare copper. ' This indicates 
that the stator iron is worked at rather high magnetic induction 
and consequently this feature also tends toward a short machine. 

From Fig. 13, the short-cireuit ratio of this 60,000-kv-a. 
generator is approximately 0.475. This same value was obtained 
from the specified dimensions and design data which were 
given for the armature and field windings. The short-circuit 
ratio of a Westinghouse generator of the same rating would be 
on the order of 1. Similarly, the full-load field ampere-turns 
are approximately 3.1 times the no-load field ampere-turns, 
whereas, in the case of the Westinghouse generator, the ratio is 
about 2 to 1. This means that the armature ampere-turns are 
high as compared to the no-load field ampere-turns and a small 
change in the armature load current produces a large change in 
generated voltage and kw. output. Fig. 2 herewith shows 
the relation between armature current and voltage, armature 
current and kw. output, and kw. output and voltage for the 
60,000-kv-a. Gennevilliers generators and for a 62,500-kv-a., 
60-eyele, 1800-rev. per min. generator with the field excitation 
corresponding to full rated kv-a. at 80 per cent power factor. 
The curves for the 60;000-kv-a. Gennevilliers generators 
were determined from the specified design data and physical 
dimensions of these machines, and the no-load and _ short- 
circuit saturation curves of Fig. 1 herewith. The curves in 
Fig. 1. are the same as given in Fig. 7 of the paper for the 45,00 0- 
kv-a. generators but modified to suit the design constants of the 
60,000 kv-a. generators. An analysis of the load curves in 
Fig. 2 shows the following comparison of the stability character- 
isties of the two generators when operating at 7 per cent power 
factor loads, and with a field excitation corresponding to full- 
load 80 per cent power factor conditions: ; 

1. The maximum kilowatt output of the Westinghouse 
generator is 106 per cent, whereas that of the Gennevilliers 
generator is only 100.5 per cent. 


Oct. 1925 


2. The Westinghouse generator will deliver 1UU per cent 
kilowatt output with an armature-current range of 100 to 138 
per cent, whereas the Gennevilliers generators will deliver full 
kilowatt output over an armature-current range of 100 to 
108 per cent only. 

3. The rate of change of terminal voltage with respect 
to kilowatt output, at the point of 100 kw. output, is approxi- 
mately five times as great for the Gennevilliers generator as for 
the Westinghouse generator. 

This comparison shows that the Gennevilliers generators, 
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which are designed with a low short-circuit ratio are much 
more sensitive to sudden changes in load than the Westinghouse 
generators which have a short-circuit ratio which is more than 
twice as large. Hence, when operating alone or in parallel 
with other generators which have the same characteristics, it 
would be necessary to provide voltage regulators in order to 
maintain reasonably constant voltage for rapidly changing loads 
on the system. The appligation of quick-acting voltage regu- 
lators to these machines is difficult because of the extremely 
wide range in field current required in going from no-load to 
full-load operating conditions. 

If these generators were operated in parallel with other 
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generators which have greater stability under changing load con- 
ditions, that is short-circuit ratios of one or more, it would be 
necessary not only to provide high-speed voltage regulators 
but the characteristics of the voltage regulators and of the 
governors on the driving turbines would have to be carefully 
designed to meet the particular conditions. But even then, 
there is always the possibility that hunting action may take 
place between the generators with poor and good regulating 
characteristics and reach such magnitudes as to cause the 
machines to pull out of step. 


.In the ease of high-voltage transmission system, the design 
of the generators should be such that the armature ampere-turns 
are small as compared to the no-load field ampere-turns; that 
is, the short-circuit ratios should be high. 


A generator designed with a low short-circuit ratio has con- 
siderably smaller dimensions than one designed for a high 
short-circuit ratio on account of the fact that the portion of 
the field ampere-turns which is used to give stability in the 
high short-circuit ratio machine is used to give kv-a. output 
in the case of the generator with the low short-circuit ratio. 
There is no doubt but that generators with short-circuit ratios 
as low as 0.475 can be operated satisfactorily with hand regu- 
lation on systems which have reasonably smooth load curves, 
as well as with automatic voltage regulators on systems 
with varying loads, provided the voltage regulators and turbine 
governors are designed with the necessary characteristics. 
However, there is no doubt that such generators require careful 
attention and are likely to give trouble during transient dis- 
turbances or sudden load changes. The extent to which it is 
desirable to reduce the short-circuit ratio, and hence increase 
the output for given physical dimensions depends, to a large 
extent, on the load characteristics of the system on which the 
generator is to operate, the characteristics of the generators 
which operate in parallel, the characteristics of the voltage 
regulators and turbine governors, and the amount of attention 
the operators give to the machine. Our own experience and 
observation indicate that turbo generators which have short- 
circuit ratios of approximate unity give satisfactory operation. 
on the average central-station system in this country. How- 
ever, this value of short-circuit ratio can and must be widely 
departed from in the case of generators which operate on systems | 
or central stations in which greater or less generator stability 
is necessary. 


The leakage reactance of the armature winding of the Genne- 
villiers generators is unusually high for turbo generators. 
A large portion of this reactance is obtained by providing leak- 
age slots immediately above the slots for the main winding. 
If it is necessary to limit the initial values of short-circuit 
current to values comparable with those delivered by slow- 
speed waterwheel-type generators and the reactance must 
be within the generator, this is an attractive method of obtain- 
ing a high reactance. The mechanical forces on the end turns 
are reduced and the increase in reactance due to the air slots 
does not materially increase the iron loss in going from no-load 
to. full-load conditions. However, it must be remembered 
that the use of these slots increases the over-all diameter of the 
machine, the cost, and the value of the iron losses. The in- - 
crease in diameter and cost are partially offset by the fact that 
more room is obtained for the armature copper. An increase in 
diameter not only adds to the weight but also the shipping 
difficulties. The iron loss in the stator teeth is usually about 
one-half of the value of the loss in the core. The additional 
tooth projections increases the iron loss in the stator teeth 
about 60 per cent and this corresponds to an increase in the 
total iron loss of approximately 20 per cent. In the case of 
particular generator, the additional 20 per cent increase in iron 
loss corresponds to 0.15 to 0.20 per cent reduction in the genera- 
tor efficiency. 

The leakage reactance of a 60-cycle, 1800-rev. per min. West- 
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inghouse turbo generator of the same rating would be from 15 
to 18 per cent, and the end turns of the armature winding are 
sufficiently well braced to withstand a three-phase short circuit 
at the generator terminals under no-load initial conditions and 
110 per cent of normal rated voltage, as required by the 1925 
A. I. E. E. Standards. So far as the initial values of the short- 
cireuit currents are concerned, this condition corresponds very 
favorably with the actual conditions under full-load operation. 
In machines of this class the percentage of winding failures due 
to short circuits has been very small. In general we feel that 
the end turns can be sufficiently well braced to withstand short 
circuits that occur under usual operating conditions when the 
leakage reactance of the generator is 10 per cent and above. 
If still greater protection is desired it can be obtained by making 


further improvements in the bracing instead of inereasing the ~ 


leakage reactance by a method which involves an increase 
in cost and overall diameter, and a decrease in the generator 
efficiency of 0.15 to 0.12 per cent. 


A comparison of the temperature rises obtained by detectors C, 
10, and 12 show that when earrying 50,200 kv-a., the tempera- 
ture rise on the bare copper at the midway axial position is 
only 37.5 deg. cent or 10 deg. higher than the temperature rise of 
detector placed between the conductor sections. Using this 
same temperature difference, the temperature rise of the bare 
copper near the ends of the machine would be 50 to 56 deg. cent. 
The iron temperatures vary over quite a wide range, being 
particularly high in the teeth at the ends of the machine and 
in the core at the middle of the machine. The temperature 
rises of the armature and field windings compare very favor- 
ably with corresponding temperatures obtained on Westing- 
house generators which have a similar system of ventilation. 
This particular form of the multiple-path radial system of 
ventilation is exceptionally well worked out from the stand- 
point of utilizing the frame space behind the stator punchings, 
and gives excellent results in stator and rotor ventilation. The 
air requirements for the generator are approximately 105,000 
cu. ft. per min. and the author states that approximately 26.5 
per cent of the air passes through the rotor body. This is an 
unusually large percentage for the rotor and no doubt is re- 
sponsible for the low temperature of the field winding. 


In order to determine the losses of turbo generators when 
operating under normal load conditions, it is necessary to know 
the volume of cooling air and its temperature rise for any partic- 
ular load condition. Various methods have been suggested 
and used for measuring the amount of air passing through the 
machine. When the air discharges to the atmosphere the air 
volume can be determined with a good degree of accuracy by 
measuring the velocity head at the discharge from a specially 
designed stack or nozzle. The discharge velocity can be made 
practically uniform over the entire discharge section by properly 
designing the stack and passing the air through fine-mesh 
screens as it leaves the generator. However, the most promis- 
ing method is the one suggested by the author, in which the 
generator is operated as a synchronous motor under no-load 
conditions and the electrical input and final temperature rise 
of the cooling air are measured for two widely different values 
of voltage. If temperature detectors of the thermocouple or 
resistance type are properly placed in the inlet and outlet air 
ducts and due care exercised in making the measurements, the 
air volume can be determinded with a satisfactory degree of 
accuracy. Since most large turbo generators cannot be tested 
at the manufacture works under normal load ¢onditions, it 
seems very essential that all such generator units should be so 
arranged that the steam end can be disconnected and the genera- 
tor operated as a synchronous motor. The operating companies 
should have sufficient interest in the performance of the machines 
to be willing to cooperate with the manufacturers in making 
the tests. 

Briefly summarizing, the 60,000-kv-a. turbo generators as 
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described by Mr. Roth are exceedingly interesting on account 
of: 
(1) The small physical dimensions which result from the 
following: 

a. The generators are designed for 50 eycles at 1500 
rev. per min., and consequently the stator iron can be 
worked at a higher magnetic induction than in a 60-cyele 
generator; 

b. The short-circuit ratio is unusually low; that is, 
the portion of the field ampere-turns which is used to 
give stability in the case of a Westinghouse generator is 
used to give kv-a. output in the Gennevilliers generators; 
and 

ce. The ventilating system provides excellent cooling 
for both stator and rotor. 

(2) Low short-circuit ratio, which results in a machine that 
is sensitive to load changes and is likely to be very unstable 
when operated on a system with rapidly changing load. The 
application of voltage regulators is more difficult on account of 
the wide range of exciting current which is required for a given 
load change. 

(3) The high armature leakage reactance, which is obtained 
from the additional slots, provides short-circuit protection 
and the additional reactance which is secured does not materially 
inerease the core loss under stable load conditions. However, 
this method of obtaining high reactance involves an increase 
in cost and overall diameter, and 0.15 to 0.20 per cent reduction 
in generator efficiency. 


C. J. Fechheimer: A few points of interest in this paper 
will be pointed out in this discussion. 

1. The scheme of stator ventilation is unique, as the cir- 
cumferential system is combined with the axial system. The 
air which flows circumferentially does not pass through the 
stator teeth and into the air gap, but the air that flows axially 
first flows radially inward and then axially through the leakage 
slots. 


Referring to Fig. 2, you will notice that at the back of the 
core through which the air passes first axially to get into the 
radial slots, there are eight openings distributed about. The 
air passes down, radially, in the vent ducts and then, in the 
same vent ducts, some passes around circumferentially and 
goes out. Some of the air goes farther radially between the 
coils and gets into the leakage slots and then moves axially. 
You see that on one side are shown one kind of guide for the air, 
and on the other side of the line the guides are arranged differ- 
ently. Now on the right side of the line, the guides are for the air 
coming in, and to the left they are for the air going out; that is, 
the air moves axially and then out, radially, in the next vent 
duct, and that is the one at 45 deg. to the left of the division 
line. It moves axially through the leakage slot. 

It would seem that the objections which were raised to the 
circumferential system of ventilation are believed not to apply 
to Mr. Roth’s machine.! In the tests on the model for cir- 
cumferential flow described in my A. I. E. E. paper in 1924, the 
air flowed radially through the vents and then cireumferentially 
through the air gap. Although an analytical study of Mr. 
Roth’s system of ventilation has not been made, the low tempera- 
tures obtained and the comparatively small dimensions indicate 
that the system is excellent. It would seem that the supply 
of air to the leakage slots is sufficient to maintain comparatively 
low temperatures in the tooth belt where the material is worked 
the hardest. ‘ 

2. The method which Mr. Roth uses for measuring the 
losses and air volumes at full load is novel. Mr. Roth assures 
us that he can obtain accuracy by calibrating the system, operat- 
ing idle as a synchronous motor with known total losses at two 
different voltages. In the equation on page 10, what is the 
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order of magnitude of At, — A t!? I presume it is about 10 
deg. cent., and to obtain accuracy these temperature rises must 
be measured with extreme care. 

The measurement of the temperature rises of the air by 
means of resistance coils connected in a Wheatstone-bridge 
network is one that is frequently used, and if proper precau- 
tions are taken, it should lead to accurate measurements. With 
small temperature rises, it is necessary to measure resistances 
with extreme accuracy, as a one-degree change in temperature 
corresponds approximately to only 0.4 per cent change in re- 
sistance; or, if the temperature rise is 10 deg., it is necessary to 
read to 0.04 per cent if the error is to be not over 1 per cent. 
In some of our work, temperature rises of the order of only two 
degree are obtained, and then it is necessary to read to 0.008 
per cent. While, with extreme care, such measurements of 
resistance can be made, there are possible sources of error, such 
as those due to contact resistance or those which might arise 
from the stretching of some of the wires, and this introduction 
of considerable errors. 

In the early work on air-volume measurements by the thermal 
method at the Westinghouse Company, resistance measurements 
were made, but they were abandoned partly because of the 
necessity for great precision in measurement and partly because 
a few of the wires stretched and the resistance was consequently 
changed. We have since been using large numbers of thermo- 
couples connected in series, and, for the most part, have been 
able to secure very reliable results. We can read our volumes 
within about 1 per cent. Of course, if only a few thermocouples 
are used, this method is not reeommended, as a reliable average 
is not then obtainable: , 

3. The volume of air through the rotor seems to be very 
high. In conversation Mr. Roth explained to me the method 
which he used for measuring it. I think that the method is of 
sufficient interest to warrant his telling the members of the 
Institute what it is. 

4. The device shown in Fig. 14, for measuring the pressure 
of the cooling air, is a model of part of the machine in which the 
flows are imitated as accurately as possible. I should inquire 
of Mr. Roth how close the agreement was between the pressure 
measured in the model and the pressure measured in the machine. 
I am a great believer in imitating in a model, conditions in the 
actual structure, but in this, care must be exercised, as some- 
times the conditions are extremely. difficult to imitate with 
sufficient accuracy. 

5. Mr. Roth states that with a salient-pole alternator, the 
self-excitation is synchronous. It may be of interest to those 
who have not noted it before that it-is possible to increase the 
load on a salient-pole alternator gradually when it is being 
excited by condensive reactance until, at a certain load, the 
alternator pulls out of step and runs at a speed slightly above 
the frequency of the line. In other words, in a salient-pole 
machine just as in a turbo alternator it is possible to have self- 
excitation and operate as an asynchronous generator. One 
of the oscillograms in the discussion referred to by Mr. Roth 
shows this very clearly.” 

E. H. Freiburghouse: I agree in general with what Mr. 
Laffoon has said as to the principles governing the limit of elec- 
trical. stability of alternators, and I, too, question whether these 
generators which have been described by Mr. Roth possess 
the necessary margin of stability. 

Nevertheless, Mr. Roth has informed me that generators 
having these characteristics do operate successfully and that 
the power-station people do not find it necessary to employ 
voltage regulators. He states that voltage regulators have 
been installed but their use has not been found necessary. 

Some years ago, the General Electric Company rebuilt a 
large foreign-made, turbine-alternator in which they even in- 
creased the originally high synchronous impedanee. There 
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have always been doubts about the stability of that generator; 
however, it has now been operating satisfactorily for seven 
years, although the excitation for synchronous impedance is 2.04 
times that for normal voltage at no load. The above is an 
abnormal ratio which we do not advocate. Instead, we usually 
make the ratio less than unity. 


The deep, partially closed leakage slots which Mr. Roth 
has employed to inerease the reactance also inherently make 
it necessary to assemble the stator bars axially from the end of 
the core. Obviously, the fit of the coil cannot be so close in 
the slot as it would be if it were inserted radially under pressure 
from the air gap or open end of a slot. However, his machine 
is much shorter than we are building for that output. 


We do not believe that 27 per cent reactance is necessary 
to insure the safety of the turbine-type alternator which has 
its stator winding laced at the ends to supporting rings. This 
machine as built in America is apparently flexible and strong 
enough to withstand many thousand dead short circuits with- 
out permanent distortion of the end structure. I recently wit- — 
nessed a number of dead short circuits upon generators rated 
35,300 ky-a. upon which there was no permanent distortion 
whatsoever. 

Referring to the heating of these generators as given by Mr. 
Roth in Table I, we find that the temperatures obtained during 
the open-circuit run No. III were fairly uniform throughout 
the core; however, this was not the case during the short cireuit 
test No. I. On tooth G, Fig. 15, the rise was 70 deg. cent.; 
on tooth F, 27 deg.; and on tooth HE, 26 deg. G was in the 
second package of iron from the end of the core whereas the 
others were in the middle of the core. I venture to say that the 
extra heating of tooth G was caused by flux from the magneto- 
motive-forces of the stator winding outside of the core. We 
are interested to know what temperatures were obtained at 
the other end of the core by couples 1, 2, and 3. 

W. B. Kirke: This paper brings out new methods of in- 
corporating characteristics of high reactance without obtaining 
excessive armature reaction. At the same time the use of leak- 
age slots provides an effective method to keep the temperature 
rise within low limits. 

The first characteristic of high reactance is provided for 
in a great many systems in this country by the use of external 
reactors in the circuit connecting the generator to the bus. 
Such reactors not only aid in keeping the voltage near normal 
with a generator short circuit but they also reduce the interrupt- 
ing duty on the generator circuit breakers. On the other hand, 
if the reactance is built into the machine by the use of leakage 
slots or other means, a generator short circuit means dropping 
the voltage of the bus section fed by that unit. 

Increasing the stability of the machine is a very desirable 
feature. As systems are more extended and more power plants 
interconnected, one wonders if ever a condition will exist when 
the extreme ends of an interconnected system will start rocking, 
due to lack of stability of the interconnected system. Any | 
measure tending to increase the stability of a single unit will 
aid in stabilizing a large system consisting of many such units. 

The use of leakage slots would seem to indicate a considerable 
advantage in ventilating the unit. With the maximum size of - 
turbo generators steadily increasing as the size of systems 
and interconnection facilities develop, capacities of 100,000 
kv-a. will soon be required. Any method which indicates an 
improved means of ventilation should be given thorough analysis 
by designing engineers. - 

Robert Pohl: ‘The most interesting part of Mr. Roth’s 
paper is his advocacy of leakage slots below the main stator 
slots. This design is for obvious reasons superior to the deep 
slot bridges advocated by Miles Walker many years ago, but 
somewhat similar in principle to the practise of some makers to 
use much deeper open slots than necessary for the winding. 
The author has convincingly demonstrated the advantages of 
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his design. I should like to say, however, that the properties 
of such leakage slots do not appear to me generally advantageous 
but only in special cases. In the first place, why employ so 
high a reactance as 27 per cent? If Mr. Roth’s 60,000-ky-a. 
alternator had been made without leakage slots, its reactance of 
18 per cent would have been fully high enough for all ordinary 
requirements and perhaps already too high for stations with 
feeder reactances and a poor power factor. In Europe we 
have often to deal with station power factors much below 0.8 
down to 0.6. In such cases the inerease of reactance makes 
itself seriously felt in the size and to some extent in the efficiency 
of the alternator. 


As to the author’s comparison of the two methods of ob- 
taining high reactance, leakage slots or increased electric load- 
ing, one misses the third alternative, i.e., a separate reactor. 
It is obvious that an alternator with separate reactor will, as re- 
gards stability, auto-excitation, and stresses on end connections, 
behave exactly as a corresponding alternator with leakage slots 
and equal total reactance. A short circuit on the alternator 
terminals need hardly be feared. It seems to me that the 
leakage-slot design with its appreciable increase in the stator 
dimensions is the more expensive way of creating the desired 
additional reactance. If so, it can only be justified by the 
remaining advantage, i.e., the improvement in ventilation. 
This seems to me the decisive point. Here one has to distinguish 
between bipolar and multipolar designs. In bipolar turbo 
alternators the output is mostly limited by the temperature 
rise of the rotor. The stator winding is generally cool enough 
when placed in the ordinary way in close proximity to the 
rotor. Hence there appears to be no cause for changing this 
practise. The same applies to smaller four-pole machines 
with solid rotors. In the larger four-pole and even more so in 
the six-pole designs with built-up rotors the ventilation of the 
latter is more effective and the limiting temperature may be 
found in the stator winding. Here it may well be advantageous 
to employ an otherwise unnecessary depth of slot or leakage 
slots after Mr. Roth’s proposal if there is no other way of im- 
proving the ventilation. 


Another way of improving the cooling of altenators is the 
use of hydrogen or other gases superior to air as cooling media. 


Franklin Punga: I! congratulate Mr. Roth on his con- 
tributions to developments in the design and construction of 
large turbo generators, and in particular on the means by 
which he was able to increase to 60,000 kv-a. the rating of the 
45,000-kv-a. generator without altering the external dimensions. 

Regarding certain features I should like to make the following 
observations: 

I thoroughly endorse the employment of a stator slot pro- 
vided with a large open portion at the end opposite the air gap. 
This is very useful for ventilation purposes. In the design 
which I some time ago proposed to the Thyssen firm, and 
contrary to the design of Mr. Roth, the lower third of the slot 
was widened as shown in the accompanying illustration of the 
slot, Fig 3. The principal reason for this relates to winding con- 
struction technicalities. In the normal partly or entirely closed 
slot, the conductor has to be inserted axially. This makes it 
necessary to make a relatively great allowance for clearance 
between the side of the slot and the insulated conductor; other- 
wise the insulation on the conductor is liable to be harmed in the 
process of being inserted into place in the slot. Should any 
repair of the winding ever be necessary it is exceedingly difficult 
to remove such a conductor from the slot. In designs in which 
the conductor is inserted radially into an open slot, it is prae- 
_ tieable to allow less clearance between the insulated conductor 
and the sides of the slot. This is desirable for several reasons, 
such as (1) obtaining a better space factor, and (2) decreasing 
the liability to corona phenomena. When employing my de- 
sign of slot the insulated conductor is first introduced axially 
into the space in the lower third and is then pressed radially 
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upward into place, the space available in the ventilating ducts 
being convenient for the application of the necessary radial 
pressure. 

But this design of slot fulfils a second important purpose. 
It is well known that if the tooth saturation is too great, the 
flux passing parallel to the sides of the slot occasions a consider- 
able copper loss. For this reason it is customary to employ 
a relatively low no-load tooth saturation (some 16,000 lines 
per sq. em.), so that at full load the value of 20,000 lines per 
sq. em. shall not be exceeded. Now the difference between the 
tooth saturation at full load.and that at no load is chiefly de- 
pendent upon the distorting ampere-turns. The decreased 
tooth section in the lower third of the slot consequently serves 
as insurance against too great saturation in the portions where 
the copper is located and will be found especially valuable in 
turbo generators with a cos near @ unity. 

Furthermore, the slot leakage is of course also decidedly 
increased, although not so much as in the case of the turbo 
generator designed by Mr. Roth. The advantages which Mr. 
Roth mentions, relating to relatively great slot leakage, are 
all of them correct, but a disadvantage of the great slot leakage 
ought not to be overlooked, namely, the radial saturation of 
teeth at particular parts of the circumference on the occur- 
rence of sudden short circuits. For instance if we represent 
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the leakage of one slot by a vector, this will be of uniform magni- 
tude and direction until we come to a place on the cireumference 
where one phase winding is completed and the next phase winding 
begins. In a four-pole machine with two conductors per slot, 
and 100 per cent winding pitch, there are on the circumference 
twelve such places. The slot leakage vector moves through 
60 electrical degrees and the consequence is that at these points 
a flux represented by a vector of equal magnitude passes through 
the tooth and into the laminations behind the slots. Conse- 
quently in such a machine at short cireuit there would be com- 
plete saturation of twelve teeth equally distributed around the 
circumference. This would decrease the effectiveness of the 
great slot leakage. In this respect the use of. fractional-pitch 
windings: is of advantage since the number of these teeth is 
then increased from twelve to twenty-four so that the flux 
set up in each tooth is appreciably smaller. 

Mr. Roth’s observations about self-excitation have interested 
me very much. In German power houses it is now required 
that large polyphase generators shall be able to carry as leading 
load 80 per cent of their rating. This requirement has a close 
relation to the problem of self-excitation discussed by Mr. Roth. 
This problem will be of even more importance in the future 
if the lengths and voltages of transmission lines are 
increased, 

In conclusion I should like to briefly mention that the prin- 
cipal progress which has been made in the development of 
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large turbo generators has been due to the avoidance of stray 
losses. These stray losses were due to (1) current distortion 
in the slot copper; (2) flux passing parallel to the slot sides and 
of too high tooth saturation; (3) flux passing from the field 
into the open slot; (4) variations in flux density around the 
circumference of the field, due to the slot openings; (5) the 
leakage flux from the end windings, (a) in the copper of the end 
windings, (b) in the end clamping parts (6) iron short circuits 
due to bad workmanship in slotting and assembling the 
cores.’ 

From this paper of Mr. Roth’s and from his previous publica- 
tions it is very evident that-the author has dedicated much 
study and research to the problem of decreasing the stray losses 
and of their exact measurement. 

J. Rosen (communicated after adjournment): I would 
refer only to one section of Mr. Roth’s paper in which he deals 
with the difficulty of alternator instability. It is sometimes for- 
gotten that many of the difficulties lie in the excitation circuit. 
Some ten years ago, instability was experienced on an 18,000- 
ky-a. alternator, operating at unity power factor and sometimes 
with a leading power factor. The alternator air-gap was in- 
creased with entirely satisfactory results. 

Later experience and tests on other plants showed that atten- 
tion should also have been directed to the design of the exciter. 
One of the improvements adopted was the addition: of a few 
series turns to the exciters which overcame entirely the alter- 
nator instability difficulties which had up to that time been 
experienced. The tests have proved that sudden ehanges in 
load, faulty synchronising, and faults in the transmission line 
are reflected in the alternator rotor by momentary increases in 
the value of the rotor current. I would refer to the papers, 
and the discussions upon them, on “Exciter Instability”. by 
R. E. Doherty’, and ‘‘Some Problems In High-Speed Alterna- 
tors and their Solution’’* by the writer, in which the whole 
problem is discussed in full. 

Calculated figures are given by Mr. Roth of the total inherent 
reactance of the plant. It would be of interest to learn if they 
are confirmed by actual sudden-short-cireuit tests at the normal 
operating voltage. 

E. Roth: The most important observation presented in this 
discussion has been expressed by Messrs. W. F. Dawson, Philip 
Torchio, C. M. Laffoon, E. H. Freiburghouse, and W. B. Kirke, 
and regards the armature reaction to which American practise 
gives lower values than that which exists in our alternators. 

Mr. Laffoon has given a very complete statement of this point 
and I am in general in agreement with him. His comments 
apply more particularly to the conditions of stability. 

These machines were designed to run first at 41°/3 eycles in 
parallel with the distributing system of Paris, and later at 50 
eyeles. In fact, the machines have never been operated at 41 ?/3 
cycles. Moreover the customer wanted a very low value of 
instantaneous short-circuit current, of about four times the 
normal current, which condition had never been required before 
from large turbo alternators. It was therefore necessary to 
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design a machine in accordance with these requirements without 
neglecting, of course, the condition of stability. 

Four years’ experience has shown that these machines have 
been giving entire satisfaction to the users. Had difficulties 
arisen with regard to stability, it would have been easy to en- 
large the air-gap of these machines sufficiently without exceed- 
ing the standard American temperature rise of 90 deg. cent., 
which up to the present has never been attained in our 
machines. 

These machines have been designed for 35,000 kw. at 80 per 
cent power-factor, that is, 48,750 ky-a.; in fact, they are operated 
at 40,000 kw. and 50,000 to 55,000 ky-a. 

Based upon this experience the 60,000-kv-a. machines have 
been built on the same principles but the flux has been increased 
slightly and the air-gap enlarged to maintain the same condi- 
tions of stability. Considering the operating conditions we are 
confident that they will run as satisfactorily as the former, 
and should difficulties arise these could be easily remedied. 

As pointed out by Messrs. Torehio, Kirke, and Pohl, the low 
value of the instantaneous short-circuit current could have been 
obtained by reactance coils. This solution was examined very 
seriously but had to be rejected. Indeed, these reactance coils 
are very cumbersome, and the price of the alternator together 
with reactance coils has been found higher than that of the 
alternator with leakage slots alone. The efficiency using react- 
ance coils is less than with the solution adopted; first, it is not 
possible to build reactance coils with a loss smaller than 0.15 
to 0.20 per cent, and further, when external reactance coils are 
used the alternator has to be operated at a higher terminal 
voltage, which creates core losses which do not exist in the ease of 
leakage slots. 

With regard to operation, the use of reactance coils or of 
leakage slots leads exactly to the same result. Whenever it is 
desired that the voltage drop at the busses on short-cireuit be not 
too high, individual reactance coils should be installed on every 
feeder. 

I wish to emphasize what I have already stated in my paper, 
that using leakage slots in a given machine does not practically 
alter the conditions of stability; thus should a customer require 
from American manufacturers as small an instantaneous short- 
circuit current as in the Gennevillier’s machines, they could 
obtain it, without changing any of the properties of their ma- 
chines, by simply adding leakage slots. 

I greatly appreciate the technical progress which the American 
manufacturers have made by designing their 62,500-ky-a. 
turbo alternator for 1800 r..p. m. I know very well the difficulties 
which they may have encountered and IJ think that this is a still 
more marked progress than that which the Soeéité Alsacienne 
made when they built their 45,000-kv-a. alternators for 1500 
rev. per min., which capacity was at that time only realized 
at 1200 and 1000 rev. per min. I have learned with great 
interest that Mr. Laffoon sees the possibility of constructing 
75,000-kw. machines at 90 per cent power-factor and 1800 rev. 
per min. In Europe we think that it is possible to build 50- 
eyele turbo alternators for over 100,000 kv-a. at 1500 rev. per 
min. and for 40,000 kv-a. at 3000 rev. per min. 


Hydrogen as a Cooling Medium for Electrical 
Machinery 


BY EDGAR KNOWLTON: 


Synopsis.—This paper presents the results of a large amount of 
theoretical study and a large number of tests to determine the ad- 
vantages of hydrogen as a cooling medium in electrical machiney. 


The conclusions fall into two classes, some definite and some 
speculative. In the former class are: 

1. For the same operating temperature a steam turbine-driven 
generator of a given size will have a capacity at least 30 per cent 
greater when operated in hydrogen than when operated in: air. 


2. The efficiency will be 1 per cent or more higher. 
8. There will be no danger of fire destroying the insulation. 


4. The detrimental effects of corona if present will be aay 
reduced. 


I. INTRODUCTION 


EVERAL years ago, Dr. W. R. Whitney suggested 

in a note to one of the writers the desirability of 

studying the problem of using hydrogen as a cooling 
medium for large electrical machinery. He pointed 
out that it is purely an accident that our machines are 
operated in air and that an atmosphere of hydrogen was 
much more favorable for the following reasons: 

1. Less windage loss, because of the low density of 
hydrogen. 

2. Cooler, because of high heat conductivity of 
hydrogen. 

3. Less damage due to electrical failure, because the 
insulation cannot burn. 

This suggestion of Dr. Whitney led to an extensive 
study of the characteristics of hydrogen and other gases 
as cooling media.?4 An investigation of the windage 
losses has also been reported.» A subsequent investiga- 
tion showed that the idea of using hydrogen as a cooling 
medium in electrical machinery was proposed some 
years earlier by Max Schuler.® 

The most desirable application of hydrogen as a 
cooling medium is to machines having both a relatively 
large windage loss and adverse cooling factors. These 
occur in all steam turbine-driven alternators, especially 
those which at present seem to be approaching the 
maximum desirable capacity for a given speed. The 

1. All of General Electric Co., Schenectady, New York. 

2. Chester W. Rice: ‘‘Free and Forced Convection of Heat in 
Gases and Liquids,’ Trans. A. I. BE. E.,Vol. XLII, p. 653, 1923. 

3. Chester W. Rice: ‘‘Free Convection of Heat in Gases and 
Liquids, II,” Jour. A. I. E. E., p. 1141, Dec. 1924. 

4. Chester W. Rice: ‘‘Forced Convection of Heat in Gases 
and Liquids, II,’”’ Jour. Industrial and Engineering Chemistry, 
Vol. 16, No. 5, p. 460, 1924. 

5. Chester W. Rice: ‘‘Windage Losses in Air, Hydrogen, and 
Carbon Dioxide,” G. E. Review, May, 1925. 

6. Max Schuler, American Patent No. 1,453,083. Filed 
Oct. 25,1916. Issued April 24, 1923. 

Presented at New York Section Meeting of the A. I. E. E., 
October 23, 19265. 
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5. The machine may be protected by suitable devices from the 
formation of an explosive mixture of hydrogen and air. 

6. The frame can be made sufficiently strong to resist an explo- 
sion. This is additional security in case of failure of the protective 
devices or negligence in operation. 

7. The cooler for removing the heat from the hydrogen may be 
considerably smaller than a cooler for removing heat from atr. 

Inthe speculative class are: 

1. A hydrogen pressure of several atmospheres will result in 
still greater possibilities provided a sufficiently gas tight enclosure 
can be developed. 

2. ~The insulation may be made thinner and still have as long a 
life as the present insulations operated in air. 


use of hydrogen as a cooling medium will in such cases 
allow a greater capacity for a given speed and obviate 
the necessity, for certain capacities, of reducing the 
speed or changing to methods of ventilating that are 
less favorably considered. For example, for an air- 
cooled machine of a given capacity and speed, it may be 
necessary to use external blowers for circulating the air, 
whereas if the same capacity of machine was cooled by 
hydrogen the fans could be placed on the rotor. 

In certain cases of air-cooled machines, with fans 
mounted on the rotor, the power to drive the fans be- 
comes excessive if the fans are designed to circulate the 
maximum quantity of air which can be obtained with 
the diameter and speeds chosen. It is customary in 
such cases to be content with a lesser quantity of air 
than is otherwise desirable. With a hydrogen-cooled 
machine a 25 or even a 50 per cent increase in power to 
drive the fans is of no relative importance. 


II. CHARACTERISTICS OF HYDROGEN 


The important characteristics of hydrogen when com- 
pared with air as a cooling medium for large high speed 
electrical machines are: 

Lower density 

Higher thermal conductivity 

Higher forced heat convection 

Practically no damage to insulation by corona 
Prevention of fire 

Lower Density. Tests in hydrogen showed a 
mudege loss of 10 per cent of that in air which agrees 
with the chemical analysis of commercial hydrogen. 
The total losses of large capacity alternators of 1800 or 
3600 rev. per min. amount to approximately 21% per 
cent and the windage loss is one or more per cent of the 
rated capacity. By operating such a machine in hydro- 
gen the windage loss is practically eliminated and 
results in about 1 per cent increase in efficiency. 

B. High Thermal Conductivity of Hydrogen. Hydro- 
gen has approximately seven times the heat con- 
ductivity of air or as high a thermal conductivity as the 
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ordinary insulating materials. When a machine is 
operated in air any spaces in the insulation, or between 
the insulation and slot sides, appreciably increases the 
thermal drop from the copper to the surface from which 
the heat is to be removed by the air. With hydrogen 
in the machine, the gas spaces are no longer harmful in 
this respect because of the greater heat conductivity 
of the hydrogen. To illustrate the effect, consider an 
extreme case in which the armature insulation is 
7/32 in. thick and the spaces aggregate 1/64 in. addi- 
tional. The following table gives the thermal drops in 
both cases with an energy flow of 0.32 watts per square 
inch through the insulation, assuming a thermal resist- 
ance of 270 deg. cent. which is closely true for the type 
of insulation considered: 


Air He 
Drop through insulation........... 17.5 deg. cent. 17.5 deg. cent. 
Drop through gas spaces........... 9. 1.25 
Drop: totaliy.tnoseresn. coe eens 26.5 deg. cent. 18.75 deg. cent. 


An additional gain will be made in the thermal drop in 
those heat paths in the armature core and teeth which 
are parallel to the axis of the armature, since the spaces 
between the laminations will be filled with hydrogen. 
The ratio of the temperature drop in a hydrogen 
atmosphere to that in air would be about 65 per cent in 
this case. 

C. Forced Heat Convection. The efficiency of heat 
removal by high velocity gas blowing over the surfaces 
is approximately 1.3 times as great in commercial hy- 
drogen as in air. In other words, the surface film 


~. temperature drop required in the hydrogen machine to 


transfer one watt per sq. in. is 77 per cent of that 
-required for the same machine in air. 

The machine under consideration is totally enclosed, 
and the heat is removed from the circulating air, or 
hydrogen, by tube and fin surface coolers, provided with 
water circulation. The rate of heat transfer from hy- 
drogen to.a single tube in commercial hydrogen at the 
usual velocities is approximately three times as great 
as for the same tube in air at the same velocity. Some- 
what the same ratio is expected in the case of built-up 
coolers, since the spacing between the tubes will be 
large compared with the film thickness, and the mutual 
influence of the tubes should be small. Accurate tests 
are, of course, needed to determine the exact ratio. 

Effects of Lower Density and Greater Conduction and 
Convection.’ We may summarize the temperature 
conditions for the machine in hydrogen and air as 
follows: 

1. The practicable absence of windage loss when 
hydrogen is used results in less heat to be removed from 
the machine. - 

2. The temperature drop required to transmit a 
given amount of heat from the copper to the iron, 
through the insulation, will be materially lower in 
hydrogen. The temperature drop required to transmit 
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heat across the laminations will also be lower in hy- 
drogen than in air. 

3. The temperature drop required to transmit the 
heat from the surface to the high velocity ventilating 
gas will be less in hydrogen than in air. 

4. When the gas reaches the cooler, less tem- 
perature difference will be required to remove the heat 
from hydrogen than from air, and, therefore, the hy- 
drogen will be cooler when it returns to the machine. 

The accumulative effect of all these factors is con- 
siderably lower copper and insulation temperatures, and 
the advantage may be used either to increase the life 
or the capacity of the machine as seems most desirable. 

D. Corona in Air and Hydrogen. The potential 
gradient at which corona starts in hydrogen is approxi- 
mately 60 per cent of that at which it starts in air.’ 
Thus a machine designed to operate in air without 
corona might produce severe corona when operated in 
hydrogen at: atmospheric pressure. The destructive 
nature of corona in air on insulation is well known and 
it was, therefore, feared that insulation troubles would 
soon develop, if a standard machine without corona 
shields were operated in hydrogen. To test this point 
some preliminary comparative endurance tests were 
made in hydrogen and air on two similar samples of 
yellow varnished cloth. These samples were made by 
winding the cloth around glass tubes approximately 
34 in. in diameter by 7 in. long, until thirteen layers 
were, obtained. The inner electrode consisted of a 
1 in. diameter copper tube which was slipped inside 
of the glass tube, and the outer electrode consisted of 
several widely spaced turns of 0.01 in. diameter cotton 
covered wire extending over approximately 1 in. of the 
central portion of the cloth. One sample was con- 


tained in a glass bell jar through which hydrogen at 


atmospheric pressure was slowly circulated, and the 
other was placed in the open air. The samples were 
connected in parallel across the terminals of a small 
testing transformer, and the voltage gradually raised. 
The tests were made in a moderately darkened room, 
and it was expected that corona would first be dis- 
tinctly visible on the hydrogen sample, but this was 
not the case. On the contrary, needlelike purple 
streamers were first seen on the air sample. The 
corona in hydrogen was.a very faint diffused glow. 
Probably in a completely darkened room the corona 
would have been visible in hydrogen before it appeared 
in air. The main point of interest was the strikingly © 
different appearance of the corona in the two gases. 
In air there were vicious needlelike streamers coming 
out from spots along the wires, while in hydrogen the 
appearance of corona was soft and diffuse in character, 
and gave the impression that hydrogen corona would be 
harmless compared with air corona on the same sample 
and at the same voltage. A potential difference of 
7. Wolf, Weid. Ann., 37, p. 306, 1889. 


Hayashi, Ann. der Phys. 45, p. 431, 1914. 
Jensen, Phy. Rev., Vol. 8, p. 433, 1916. 
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10 kv. at 60 cycles was applied for 76 hours. Fig. 1 
shows the samples with the fine wire removed. In the 


air sample small holes may be seen along the imprint of 
the wire on the cloth. Photographs were taken of the 
samples when unrolled, but the variations in light 
reflections completely masked the effects of corona; 
therefore a contact print was made and this was photo- 
graphed to obtain Fig. 2. The samples of cloth were 


Fig. 1—Samp.es or VARNISHED CLOTH SUBJECTED TO CORONA 


IN Arr AND HyDROGEN 


about three feet long, and since a reduction to the size 
necessary for reproduction would render the punctures 
invisible, only the outer and inner layers are shown in 
this figure. These layers are numbered 1 and 13 
respectively, No. 1 being the surface on which 
the wire was wound, and No. 18 the layer which 
was against the glass tube. In both cases the inter- 
vening layers resembled to a degree those shown. 

The sample in air was punctured through thirteen 
layers as shown in the figure. The hydrogen sample 
had no punctures. The only noticeable effect was the 
removal of the glaze on the varnished surface in the 
vicinity of the wire. This duller area was greatest on 
the outer layer, but was present on all layers. On the 
outer layer this removal of glaze extended over a con- 
siderably greater area in the hydrogen than in the air 
sample. 
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Different materials were tested in a similar manner 
for 56 hours. The damage in each case was not so great, 
but the same relative effects were obtained. 

The appearance of corona in hydrogen resembles the 
appearance of corona in air at reduced pressure. It 
was, therefore, interesting to compare the relative de- 
structiveness of corona in air at atmospheric pressure 
with that in air at reduced pressure. Some preliminary 
tests in air at one atmosphere and one-half atmosphere 
pressure indicate that the corona is not materially 
different in the two cases. In order to obtain more 
information on the question of whether corona destruc- 
tion is due to mechanical or chemical effects, six layers 
of yellow varnished cloth were placed on a table 
and a drop of concentrated nitric acid placed in the 
center, with five drops of dilute acid surrounding it. 
An inverted beaker was placed over the drops to retain 
the acid fumes in contact with the cloth. After three 
days a visual inspection of the samples showed no dif- 


Fig. 2—Errect or Corona ON VARNISHED CLOTH IN AIR 


AND HyDROGEN 


Two upper samples in air. Two lower samples in hydrogen. In both 
cases No. 1 was the surface on which wire was wound and 13 was the 
surface which was against the glass tube. 


ference between the part exposed to the acid fumes 
under the beaker and the portion exposed to the air. 
There was, however, a very marked reduction in me- 
chanical strength in the area subjected to the acid 
fumes. A pencil point could be easily forced through 
all six layers anywhere within the beaker diameter, 
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whereas outside of the beaker diameter the material 
retained its normal strength. : 

It may be inferred from these tests that the destruc- 
tive action of air corona on insulation is due to the 
mechanical weakening of the insulation by the presence 
of nitric acid or ozone produced by the corona, followed 
by erosion of the corroded material by the mechanical 
or blast action of the corona streamers. In hydrogen, 
corrosion is not produced, as no chemical action takes 
place, and erosion is not of itself sufficiently severe to 
seriously impair the life of the insulation. 

Following these preliminary tests, G. B. Shanklin 
made corona endurance tests on eight samples of 
armature insulation. Four were varnished cloth and 
four mica tape insulation, each having a thickness of 
0.23 in. Horn fibre 0.015 in. thick was moulded over 
the insulations and over this were wound thin copper 
strips 14 in. wide with a similar space between the 
edges. Half of the samples were placed in hydrogen 
at atmospheric pressure and half in air and subjected 
to a potential of 22,000 volts which was sufficient to 
produce clearly visible corona at the edges of the copper 
strips, in a slightly darkened room. 

The two cloth samples in air failed after 2500 and 
2650 hours operation. The remaining samples were 
tested for 8000 hours without failure. 
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there have been cases of fire starting on the surfaces 
of insulation without any electrical failure. If venti- 
lated with air, the fire may spread with great rapidity 


Fig. 3—APPEARANCE OF ARMATURE CoiL INSULATION SuB- 
JECTED TO CoroNA ENDURANCE TrEstTs IN AIR AND HypROGEN 


and injure the winding to the extent of requiring 
extensive replacement. Also, a slight electrical failure, 
involving initially one or two coils, may start an equally 
serious fire. With hydrogen no fire can occur and the 


TABLE 1 
RESULTS OF THE OPERATION OF ARMATURE INSULATION IN AIR AND HYDROGEN 


Mica Tape in 


Cloth Tape in 


Air 2 Air Hy 
No failure Failed No failure 
Length of Test in Hours....... 8000 8000 2500 8000 
Appearance See Fig. 3 with} Fibre bleached. Pitted | Fibre retained original | Fibre (cates oe Pit- | Fibre slightly bleached. Pit- 


through fibre and next color. 


layer of cloth tape. 


copper strip removed 


Dielectric strength test. 
Test started at 30,000 and in- 
creased 3000 volts each minute 


60,000 


Table I gives a condensed statement of the results. 

None of the mica tape samples showed any pitting of 
the mica tape. The horn fiber covering was entirely 
pitted through in numerous places in the air sample but 
examination of the mica tape disclosed no pitting. 
Dissecting the insulation revealed brown powder and 
white powder in some places between the layers of tape 
of the air sample but none in the hydrogen sample. 
Fig. 3 shows the appearance of the mica tape samples. 

A visible examination of the cloth samples would not 
lead one to suppose that there should be so great a 
difference in puncture values as shown by the tests. 
It seems reasonable to conclude that the cloth in air 
was injured considerably more than the cloth in 
hydrogen but not to the extent indicated by the 
puncture values since unknown factors may also have 
considerable influence on puncture values. 


E. Prevention of Fire. In steam turbine generators 


Fibre pitted only 
in a few places. 


63,000 


ted through fibre and 
through two layers of cloth 
in a few places. 


ted through fibre and two 
layers of cloth in quite a 
number of places. 


31,500 48,800 
damage due to an electrical failure will be confined to 
a few coils. 

Most of the large capacity air-cooled steam turbine 
generators are provided with pipes for the injection of 
steam or water in case of fire. The pipes are usually 
located near the ends of the windings and when the 
steam or water is turned on the ends of the windings 
are enveloped or covered by the extinguishing substance 
as the case may be. When there is a suspicion of a 
fire, the operator naturally wishes to be sure that the 
situation is serious before a machine is taken off the 
line and subjected to steam or water, and the tendency 
is to wait so long that damage may be done either by the 
fire or by the amount of steam or water that is turned 
into the machine. With a hydrogen filled machine 
no such disturbing condition can exist. The only 
failure to be considered is an electrical short circuit or 
ground, and the well known automatic devices now 
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available should remove the machine from the line 
before any serious damage results. 


III. INFLUENCE OF HYDROGEN ON THE DESIGN OF 
INSULATION 

A few tests were made on the puncture voltages of 
sheet insulating material in air and hydrogen and no 
appreciable difference was found in the two cases; 
therefore no conclusion could be reached. 

In order to obtain some information on the effect of 
hydrogen on the life of fibrous insulation, three samples 


of black varnish cloth were tested for 1300 hours under , 


the conditions given below. The effect on the flexi- 
bility is given in the last column 


Sample Surrounding | 

Number Medium Temperature Flexibility 
1 He 100 deg. cent. 100 f 
2 Air 100 deg. cent. 25 
3 Air 25 deg. cent. 90 


The samples were in the form of strips supported so 
that the air or hydrogen had free access to both sides. 
This condition is much more severe than that existing 
in insulation wound tightly on a coil and protected by 
external coverings of varnish, but it gives results of 
value in forming conclusions as to the relative merits 
of the two gases in respect to the flexibility of the 
insulation. These tests of samples at about operating 
temperatures indicate that the life of insulation will 
be greater in hydrogen than in air as far as this life 
depends on brittleness of insulation. 

The thickness of armature insulation for higher 
voltages is at present governed by the consideration of 
having a potential gradient that will not cause corona 
in minute spaces which may be present initially or 
developed later in the internal parts of the insulating 
material. The thickness necessary to withstand me- 
chanical injury, high-potential tests, and the stresses of 
operation, is less than that required for the above 
consideration, and the removal of. the more severe 
requirement first mentioned will allow a favorable 
decrease in thickness with the attendant benefits in 
design. 

The thickness of field insulation is governed largely 
by the mechanical requirements of operation, but 
mechanical deterioration depends to a great extent on 
oxidation, and since this is not present in hydrogen, 
an increase in life may be confidently expected. 


IV. SELECTION OF THE MOST SUITABLE HYDROGEN 
PRESSURE 

If we neglect the question of leakage it surely would 
be a strange coincidence if it should be found that the 
most efficient pressure for hydrogen operation is at 
that of our surrounding atmosphere. To illustrate 
the properties which may be obtained in hydrogen 
under pressure, consider the case of ten atmospheres, 
or 147 lb. per sq. in. absolute. : 

1. The windage loss will be equal to that of the 
same machine in air. ' 


KNOWLTON, RICE AND FREIBURGHOUSE 


Transactions A. I. E. E. 


2. The heat conductivity of a gas is independent of 
the pressure, and will therefore be the same as hydrogen 
at atmospheric pressure, which, as has been stated, is 
seven times as great as air. 

3. The forced heat convection, or efficiency of heat 
removal by the high velocity gas flowing over the sur- 
face, will be approximately thirteen times as great as 
for the air machine. This condition would render the 
surface temperature drops negligibie, whereas in the 
air filled machine, the surface drops are considerable. 

4. The dielectric strength of hydrogen, for one- 
cm. spacing at ten atmospheres pressure, will be ap- 
proximately 60 per cent as strong as transil oil in bulk. 

Thus a machine running in hydrogen at ten atmos- 
pheres pressure would approach many of the properties 
of an oil immersed machine and still have the same 
windage loss as an air cooled machine. 
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Thousands of Dollars z 
4—Yrarty Cost or Hyprocgen LEAKAGE PER PIN 
Houe as A Function or HypDROGEN PRESSURE 


Fig. 


Fig. 4 shows the yearly cost of hydrogen leakage 
per pin hole of 0.025-cm. diameter (0.0005 sq. cm. 
area) as a function of the pressure of hydrogen in the 
machine. It will be noted that below a pressure of 
1.9 atmospheres the curve is of a parabolic form and 
above that pressure it isa straight line. This difference 
is on account of the fact that the efflux of a gas is in 
conformity with one law up to a certain pressure and 
above that pressure it is in accordance with a different 
law, the point of transition being where the lower or 
outside pressure is 52.7 per cent of the higher pressure 
from which the gas escapes. At this point the velocity. 
in the escaping jet is equal to the velocity of sound in 
the gas at atmospheric pressure and density or 


V he * vy Po 
p 
Where 
V_ = velocity in cm. per sec. 


y =ratio of specific heat at constant pressure 
to that at constant volume 
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p = density of H. at the lower pressure in grams 
per ¢. ¢. 

P, = External pressure in dynes per sq. cm. One 
atmosphere equals 1.0132 x 10° dynes per 
sq. cm. 

At any pressure below 1.9 atmospheres, the transition 
point when the lower pressure is assumed to be one 
atmosphere, the amount of hydrogen passing through 
the orifice may be calculated from the following 


equation 
Ww =2624VP 5 y (= iy 
Where 


W = gr. per sec. 
A = area of orifice in sq. cm. 
iB pressure of H, in machine in dynes per sq. cm. 
p = density of H» in machine in gr. per ¢. ¢. 
P, = external pressure in dynes per sq. cm. 
For pressures above the point of transition the 
expression 


I 


W = 0.685A /P p 
should be used. 

In making calculations for the curve the area of the 
orifice was assumed to be as stated above, and the cost 
of hydrogen $6.00 per See ast or approximately 
$0.015 per cu. ft. 

Derivations of the above equations are. given by 
Lamb’. The determination of the most efficient 
pressure will depend on many design factors which are 
now unknown ahd therefore an estimate of the most 
suitable pressure, all things being considered, is im- 
' possible at the present time. 


V. TESTS OF A HYDROGEN FILLED MACHINE 


Object. Tests were made with a steam turbine type 
alternator operated as a synchronous motor to deter- 
mine the capabilities of hydrogen as a cooling medium 
in a closed system of ventilation. 

During the tests attention was directed primarily to 
the operating characteristics of the alternator which are 
inherent to the density, thermal conductivity, and 
convection of hydrogen. To emphasize these charac- 
teristics comparisons were obtained by making similar 
tests with air as a cooling agent. 

While making these tests an opportunity was given to 
apply and observe the operation of protective devices, 
also to study some of the difficulties pertaining to the 
confinement of hydrogen under moderate pressures. 

Description of Generator. A high-speed marine type 
alternator was selected for these tests, since it had 
fairly high windage losses, also because the outer 
shields which carried the armature were cast integral 
with the bearing supports, thus making a short closed 
circuit system of ventilation readily obtainable. 

Ventilation System for Tests. Fig. 5 is a view of this 


8. Horace Lamb, Hydrodynamics, Cambridge University 


Press, 3rd. Edition, p. 23, 1906. 
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generator arranged with closed circuit ventilating 
ducts and coolers for removing the losses. The gas 
was discharged from the top of the stator frame into a 
sheet iron chamber which was attached by gas tight 
joints to the discharge flange of the stator frame. The 
gas. then divided and each half passed through two 
coolers located near each end of the chamber from 
which the heat was removed by water. After passing 
through the coolers, the gas was drawn downward 
from the ends of the chamber through diverging sheet 
iron ducts over each end of the stator frame, thence 
into the generator through the fans on each end of the 
rotor. 

Coolers and Rate of Heat Transmission. Since it was 
the purpose of these tests to determine the relative 
temperature rises of the windings above that of the 
incoming cooling medium, little attention was given to 
the coolers other than to hold the water flow fairly 
constant. 

The area of the cooling surface was 400 sq. ft., and the 


Fic. 5—TursinrE GENERATOR ARRANGED FOR OPERATION 
AS A SyncHRONOUS Motor witH CLosEep Circuit SYSTEM OF 
VENTILATION CONTAINING HypROGEN oR AIR AS A COOLING 
Merpium 


net area of the air passages was 4 sq. ft. The velocity 
of water in the cooler tubes was 25, and the velocity 
of gas was 2100 ft. per min. Twenty-five gallons 
of water and 8400 cu. ft. of air were circulated per 
minute. 

Although no accurate heat transfer tests were made 
on the coolers during operation it was found that 
they were much more effective with hydrogen than - 
with air. 

Protective Devices. Mechanical and electrical devices 
were used to detect explosive mixtures, automatically 
eliminate them, and prevent high pressures in case 
explosions should occur. 

A small gasometer was connected, to ae point of 
lowest pressure in the machine, thereby maintaining a 
constant pressure slightly above that of the atmosphere, 
independent of temperature changes and _ leakage. 
Although leakage occurred on account of the crude 
joints between sheet iron and rough castings, the de- 
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sired pressure was automatically maintained and con- 
tamination by air was prevented. 

A recording device developed by C. Dansizen 
gave an accurate continuous log of the amount of im- 
purity in the hydrogen. This device produced a 
graphic record of the difference in potential between 
the terminals of a pure metal filament placed inside 
the generator and through which a constant electrical 
current was automatically maintained. The resistance 
of the filament is a function of its temperature which 
depends upon the rate of heat transmission from the 
wire to the gaseous mixture, which, in turn, depends on 
the amount of impurity in the gas. With this ap- 
paratus a potential drop of 11.5 volts was observed with 
pure hydrogen and 12.5 volts with a mixture of hy- 
drogen and one per cent of air impurity by volume. 

Another safety device consisted of a metal filament, 
mounted upon a suitable support, placed within the 
generator and maintained at a temperature of from 
700 deg. to 900 deg. cent. by means of an electric 
current. A mixtur2 of air and hydrogen, having less 
than 15 per cent of air, will combine without explosion 
when brought in contact with the filament. The 
object of this device was to keep the air constantly 
being burned out of-the hydrogen so that an explosive 
mixture could never be reached even though air* should 
be continuously leaking into the machine. 

Six diaphragms of varnished horn fiber ten inches in 
diameter and 15 mils thick were inserted in the outer 
walls of the ventilating ducts to relieve the pressure in 
case the other devices were ignored or prevented from 
functioning and an explosion occurred. 

Two diaphragms were so located that the gas im- 
pinged directly on their inner surfaces. It was feared 
that the varying force of the gas would cause sufficient 
movement of the diaphragms to produce failure if these 
were made of fiber. Lead diaphragms were used in 
these locations and they were cut nearly through their 
thickness so that their strength compared favorably 
with those made of fiber. The inertia of the lead 
prevented any destructive flutter. 

Test Results. A duplicate machine had been operated 
in air at a load of 3380 kv-a. and at 3000 rev. per min. 
The losses under these conditions were 


Per cent of 


Percent of Total 

Kw Output Losses 
Wisdares cs ded Pace ees ccls C 35 1.48 38 
Open Circuit Core Loss.........-..+.5 27.5 1.16 30 
DN eA RS AP er 5 cy athe at nme are 13.25 56 15 
Te ROss Of TObOR.c. cxraiyeadsisy aati a's eye 16.1 .68 17 
"POU crew teleiere ss ende Sat eleroieue sane 91.85 3.88 100 


From this tabulation of losses it is seen that a loss of 
1.48 per cent of the capacity of the generator is pro- 
duced by windage. It may be said in general that the 
windage loss’in large steam turbine generators will fall 
between 1.00 and 1.75 per cent of the full-load capacity. 

Unfortunately, conditions made it necessary to run 
the heating tests at 2400 instead of 3000 revolutions per 
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minute; hence the windage loss was only 51 per cent oi 
normal. This should be kept in mind when considering 
the results of the tests. 

Heating Tests Using Air and Hydrogen for Cooling 
Agents. Four tests were made, the results of which 
are shown by Table II. These tests were made at no 


TABLE 2 


RESULTS OF TESTS WITH AIR AND HYDROGEN AS THE 
COOLING MEDIUM 


Test: Numbers sco ciccisnet ne ere eter 1 2 3 + 
Duration of test hours............ 6 6.5 (eek?) 8 
Cooling mediunaiy ene eee Air H-»9 H-2 Air 
Input to motor Kv-a............. 2400 3200 2400 2107 
Armature current amps........... 750 1000 750 657 
Armature) Voltage: jeer). oh atecietc 1850 1850 1850 1850 
Speed rev. Der! Wi. ase sven cists raie 2400 2400 2400 2400 
Kield current) am ps/a- sere ene 174 196.5 169.5 159.9 
Field voltage at collector rings.. . . 114.2 129.6 100.5 98.7 
Field input) kewr-cct tenements 19.9 25.5 VEO) 18.8 
Tz Riossin stator winding kw.... 10.9 19.5 9.9 8.0 
Core loss ewcaceaei om er ators 19. 19. 19. 19. 
Windage; Kw: ..csennuc arene vigeeseinucbaraa 17.9 ilps} 1.8 17.9 
Total loss in motor kw............ 67.7 65.8 47.7 60.7 


Temperature rise of rotor winding 
above average temperature of 
the ingoing cooling gas.......... 79. 79.2 55. 62. 

Maximum temp. rise of armature 
winding above average ingoing 


Average temperature rise of six 
temp. detectors between coils 
of armature winding............ 

Pressure of gas on suction side of 
fan inches of Hz O above atmos- 


28.2 23.9 28.7 


Temp. rise of field in deg. cent. 
DercwpOLdossin a wcce trie cakes 


3.79 3.10 


load, using the alternator as a synchronous motor, with 
a value of field current to obtain the desired kv-a. input. 
Two of the tests, No. 1 and No. 3, were taken with 2400 
kv-a. input, to determine the relative temperature rises 
of the rotor and stator windings using air and hydrogen. 
Test 4 was made to determine approximately the 
reduced load necessary to secure the same temperature 
rise with air as was obtained with hydrogen in Test 3. 
Being unable to predict the temperature rises which 
would exist at the end of the run, the final temperatures 
in Test 4 were somewhat higher than in Test 3. Bya 
comparison of runs No. 1 and No. 2 it will be seen that 
one-third more kv-a. were carried on the motor, with 
the same rise in temperature of the field winding, by 
using hydrogen instead of air as the cooling medium. 
The maximum temperature rise of the stator winding, 
as determined by resistance temperature detectors. 
located between the top and bottom armature coils, was 
only 3.5 deg. cent. higher during the hydrogen run at 
38200 kv-a. than with air during the 2400-kv-a. run. 
Comparing tests No. 3 and No. 4, the final tempera- 
ture rise of the field winding was 62 deg. cent., with air 
as the cooling agent during Test No. 4 at 2107 kv-a., 
whereas the rise obtained by Test No. 3 at 2400 kv-a. 
with hydrogen was only 55 deg. cent. Based upon 
the data secured during Tests No. 3 and No. 4, it is 
estimated that a load of closely 2700 kv-a. could have 
been carried when using hydrogen cooling with an 
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average temperature rise in the field winding of 62 
deg. cent. This is 1.28 times the load of 2107 kv-a. 
~ carried when air was used as the cooling agent. It 
is doubtful whether the temperature rise of the arma- 
ture at 2700 kv-a. cooled by hydrogen would be more 
than 1 deg. or 2 deg. higher than the rise obtained at 
2107 kv-a. when cooled by air. 

The estimates of additional loads of 33 per cent and 
28 per cent which have been made would be greater if 
the tests had been made at the normal speed of 3000 
instead of 2400 rev. per min. 


VI. HEAT TRANSFER FROM ROTOR WINDING 


Having determined the increased cooling and rating 
permissible by the use of hydrogen in the small turbine- 
driven generator, an estimate was desired of the rela- 
tive temperature rises which would be obtained by the 
embedded rotor copper in a large steam turbine-driven 
alternator. 

The temperature drops at heated surfaces cooled by 
forced convection of air and hydrogen were known, but 
no information was available by which an estimate could 
be made of the relative thermal drops from copper 
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through the insulation to the sides of the rotor slots. 

To obtain this information, a coil having a resistance 
of 0.002 ohms at 25 deg. cent. was made of copper strip 
0.875 in. by 0.03 in. in section, folded back and forth to 
obtain 20 layers in depth. The turns were separated 
from each other by layers of mica, and insulating 
armor 0.1 in. thick was moulded about the coil. This 
coil was actual size as regards the cross section but of 
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course its length and shape differed from that of the 
coil which it represented. 

The coil was enclosed in a retainer and seven thermo- 
couples were soldered into the strips of the coil at dif- 
ferent depths. The thermocouple leads were carried 
down through the coil and out of sealed holes in the 
steel bar at the bottom of the slot; see Fig. 6. As shown 
by the longitudinal and transverse sections, the coil 
container was welded into and hung from the edges of a 
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SIMULATED Fretp CoIL aBOVE TEMPERATURE AT LOocATION 
No. 18, wHEN CooLep By AIR AND BY HYDROGEN 


rectangular slot in a steel plate. The coil, its container, 
and supporting plate were mounted in a steel box. 
Below the supporting plate the space about the con- 
tainer was lightly packed with silox, a silicon oxygen 
carbon compound of very low thermal conductivity. 
This caused practically all of the heat to pass to those 
surfaces of the container which corresponded to the 
surfaces exposed at the air gap of an actual machine. 
The heat was removed from these surfaces by water. 
The gas used for impregnating the coil was admitted 


. and discharged through the end plates of the container. 


Gas pressure was maintained constant at 314 in. of 
water by means of a gasometer. The hydrogen used in’ 
these tests was analyzed and found to have the follow- 
ing composition by volume: 
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The gas used in this test did not contain as high a 
percentage of hydrogen as is present in the average 
commercial hydrogen. 

Thermometers were placed in the water in contact 
with the face of the teeth and on the water-cooled 
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Curve 1 Maximum Temperature Rise with Air 
Curve 2 Maximum Temperature Rise with Hydrogen i 
Curve 3 Average Temperature Rise with Air 

140 Curve 4 Average Temperature Rise with Hydrogen! 
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surface of the slot wedge. Three thermocouples were 
soldered to the bottom of 1%-in. holes which were drilled 
34 in. below the water-cooled surface of the teeth. 
Their leads were protected from the water by small 
copper tubes soldered into the drilled holes. 
The temperature rises were taken by resistance of the 
Heat Runs on Simulate i i! Impreqnated wi ic 
fetia Teppersture a runcvon tine pe== 400 ar ~ £00 2m 


Average of Observed Temperature in Coil 
Temperature in the Coil by Resistance 


- Curve A — Curve F 
- Curve B —CurveG 
- Curve C — Curve H 
Temperature in Iron Near Water Cooled Surface - Curve D - Curve I 
Surface Temperature by Thermometer —CurveE — Curve J 


Actual Temperature in°C, 


Current 500 Amperes 


3 0 1 2 3 
Duration of Heat Runs in Hours 


9—Recorp or Tests oN SIMULATED Fietp Corn In AIR 
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coil itself, and by the thermocouples in the turns of the 
coil. In Fig. 7 the temperature rises of the thermo- 
couples are plotted above the temperature of No. 18 
thermocouple which was embedded near the face of the 
tooth. From an inspection of temperatures plotted in 
this figure it will be seen that the bottom strips of the 
coil did not attain the highest temperatures. Sixteen 
heat runs. were made at different values of current, the 
maximum being 730 amperes, with coil impregnated 
with hydrogen. 

The final maximum and average temperature rises, 
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above that of the thermocouple embedded in the 
tooth face, are shown in Fig. 8 as a function of current. 
With 475 amperes, which is normal exciting current, 
both the average and maximum temperatures of the 
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coil were about 35 per cent less with hydrogen than with 
alr. ; 
In Fig. 9 are shown the actual temperatures during 


SPARK PLUG OF? 
SCAVENGING 


FOR SFARK PLUG OR 


SCAVENGING 


STEAM PRESSURE 
INDICATOR 


INDICATOR 


STEAM PRESSURE 


11—Mopert or GENERATOR Corn, FRAMH, AND SHIELDS 
USED FoR ExPLosion TESTS 


Fig. 


Represents fan space 

Represents end windings space 
Represents air gap 

Represents armature core 

Represents armature frame space 
Represents intake chamber 
Represents connecting passage E to F 


PSH SOMp 


two heat runs at 400 and 500 amperes when the spaces 
were impregnated with air. Curves D and I refer to 
thermocouple No. 18 in Fig. 7. Curves # and J were 
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obtained by a thermometer located in the water close to 
the face of the tooth in which thermocouple No. 18 was 
placed. Referring to the final temperatures, the dif- 
ference between D and EF and between I and J are 
7 deg. and 10. deg. cent.respectively. 

Table III gives the final maximum and average tem- 
perature rises, watts input, and watts dissipated per 
square inch of coil surface during a number of the heat 
runs with the coil impregnated by air and hydrogen. 

This data was used to estimate the field temperature 
rises in air and hydrogen of the machine whose field 
winding was simulated by the coil tested. See Fig. 10. 
The temperature of the medium entering the machine 
was assumed to be 40 deg. cent. It will be noted that 
at 0 amperes the temperature of the winding was 50 deg. 
for air and 41 deg. cent. for hydrogen cooling. These 
are the temperatures which would be attained by the 
field winding because of windage loss only. It will be 
seen that the temperature rises above the temperature 
of the medium entering the machine are 10 deg. and 
1 deg., depending on which medium was assumed. 

The normal exciting current was 475 amperes. 
Referring to Fig. 10, Curve 1, it is seen that, at the cur- 
rent given, an actual temperature of 148 deg. cent. 
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In order to answer this question some preliminary 
tests were made by E. W. Kellogg. The apparatus 
consisted of an iron pipe 4in.in diameter and 24in. long, 
provided with a steam-engine indicator and spark plugs. 
The following maximum pressure rises were observed: 


Gas Mixture 
by Volume 


Maximum pressure 
lb. per sq. inch gage 


20 per cent H» in Air 
30 “ “ “ “ “ 
50 “ee “ “ “ 

60 “ “oe 


“ ‘ 
65 ‘ ee AC 


It was impossible to ignite mixtures containing more © 
than about 65 per cent hydrogen. On the basis of 
heat content, an ideal mixture of hydrogen and air 
should produce a temperature of 4100 deg. cent. with 
a pressure of about 180 lb. per sq. inch gage. That such 
pressures are not obtained in practise is due to dis- 
sociation and the cooling effect of the enclosure. To 
test the effect of an explosion on insulation, small pieces 
of double cotton covered wire were placed in the bomb. 
Examination showed the outer layer of cotton to be 
scorched and slightly weakened. When the pressure 
was relieved by a paper vent over the end of the bomb, 
no scorching was detected. It may be concluded from 


TABLE 3 
TEMPERATURE DATA ON FIELD COIL 
Gas in Coil veh) Air 2 Air Hy Air He Air Hy Air Fy 

(ARIRTIOEGS vane tance ee te, eee cmietanar hate pial etehoreiele 200 200 400 400 500 500 600 600 650 650 730 
Wiattsan putea ce ae Stic otis alee 81.2 82.0 360.0 377.6 612.5 647.5 972.0 1054.8 | 1200.0 | 1280.2. | 1636.0 
Watts per sq. in. of coil surface............ 0.142 0.143 0.626 0.657 1.067 1.128 1.693 1.835 2.090 2.230 2.845 
Max. temp. rise above thermocouple in 

EB OCN LACE occa raraye acehensn cys IN wcvens: arene. Sets 5.9 8.4 25.6 37.9 46.2 64.7 77.3 106.4 100.1 126.1 | 138.5°C 
Average temp. rise above thermocouple in 

ER GOTRETACO Asse atctatc ss Oo ohs ebetecere crete ates a 4.6 lio 22.5 33.4 | 40.9 ay ray 68.7 95.8 85.3 113.2 120.8°C 


would be obtained in the embedded portion of the rotor 
body when cooled by air, whereas as shown by Curve 2, 
the same load might be carried when cooled by hydro- 
gen at an actual temperature of 110 deg. cent. This 
is a gain of 23 per cent. The armature temperature 
would also be reduced in approximately the same 
ratio. 

Capitalized otherwise, the field might be operated at 
143 deg. cent. with an excitation of 550 amperes when 
hydrogen-cooled, which is sufficient to carry a load of 
25 per cent more than normal. This does not take into 
account the lesser temperature drop at the surface of the 
cooler. With the increased load and reduction in wind- 
age loss the efficiency of the machine would be 1.2 
per cent higher. These values agree closely with the 
results of the tests on the 3380-kv-a. machine mentioned 
in Section V. 

VII. EXPLOSIONS 

The question most frequently asked the authors by 
those interested in this subject is in regard to 
explosions? _ 

9. A Study of Explosions in Gaseous Mixtures, by Kratz and 


Rosecrans, Bulletin 133, Engineering Experiment Station, 
University of Illinois. 


these tests that an-explosion in a machine would have 
‘no detrimental effect on the insulation. To determine 
the feasibility of limiting the explosive pressure in a 
machine to moderate values by the use.of suitably 
placed vents, the model shown in Fig. 11 was con- 
structed. This represented as closely as convenient 
the various parts of the generator. The parts were 
full size except that the model was 2 in. thick in a direc- 
tion normal to the surface of the page. 

The various spaces simulated were: 

A—fan space 

B—space around ends of winding 

C—air gap 

D—armature core and ducts 

E—chamber encircling armature core 

F—intake chamber 

G—connecting passage from E to F 


Pressures were measured by a steam-engine indicator 
_started automatically just before the ignition of the 
gas. In general, the thicker the diaphragm the 
greater was the pressure developed by the explosion. 
Volumes of air and hydrogen as nearly equal as possible 
were used, but in spite of the fact that the explosive 
‘range is considerably beyond this point in both direc- 
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tions there were several times that the charge failed 
to explode, doubtless due to incomplete mixing. 
Twenty-five explosions were made and the highest 
recorded pressure (45 lb. per sq. in.) occurred when the 
venting diaphragms were replaced by steel plates. 

There is no more reason to fear the explosion of a 
machine filled with hydrogen than that of other ap- 
paratus having considerable stored energy such as 
boilers, gas tanks, rotating elements, high-speed trains 
and automobiles, and various other familiar examples. 
Most of us fear a new condition if it has the possibility 
of accident, and accept as a matter of course the usual 
dangers of our daily lives. 


VIII. CONCLUSIONS 


To summarize previous statements, the advantages 
which may be realized in various proportions are: 
lower temperatures, greater capacity, lower losses, 
elimination of fire hazard, longer life, and greater 
reliability. 

There seems to be no great difficulty or danger in the 
use of hydrogen in a properly designed and operated 
machine. 

The automatic maintenance of hydrogen pressure 
slightly above atmosphere will prevent the ingress of air 
and the possibility of the explosive mixtures. 

Several devices, each operating on a different principle, 
may be used to detect a change in the mixture and give 
an alarm long before the mixture reaches an explosive 
stage. 

Finally, should all of these contrivances fail to 
operate and a spark be applied to an explosive mixture 
inside the machine the results would not be serious, 
since it is not difficult to vent the machine to reduce 
the force below a destructive value. 

Grateful acknowledgment is made to Dr. W. R. 
Whitney and Dr. H. G.. Reist for the keen. interest 
which they have taken in the progress of the 
work. 


Discussion 


G. E. Luke: In determining the probable temperature rise 
of any electric machine, we may first start with the calculation 
of the volume of fluid necessary to be circulated through the 
machine in a given time. 

Thus, comparing air and hydrogen as possible fluids, the 
volume of hydrogen required will be only 2 or 3 per cent more 
for hydrogen than for air, on the basis of the same temperature 
rise of the gas due to the same loss absorbed. This temperature 
rise in the gas used should not be over one-half of the maximum 
temperature rise of the ventilating surfaces. 

The ventilating-surface temperature can be calculated when 
the surface-heat-transfer coefficient (K) is known. Consider- 
able data regarding this constant (K) are available for air'. 
However, little experimental data are published for hydrogen. 
Some experimental tests by Rice? on a small cylinder (axial flow) 
gave a heat transfer for hydrogen 137 per cent of that for air at 

1. See Cooling of Electric Machines, by G. B. Luke, Trans. A.I. EB. E., 
1923, p. 635-636. 


2. See Free and Forced Convection of Heat in Gases and Liquids, TRANS. 
A.I1. E.E., 1923, p. 653. 
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an average velocity of 5000 ft. per min. Onthe other hand Rice* 
gives for large plane surfaces this heat transfer (K) as propor- 


tional to S , where Pp, k, and pm are the density, thermal 
conductivity, and viscosity of the gas, respectively. On this 
basis, the unit heat transfer from the surface will be about the 
same for hydrogen as for air. 

Pohl' has calculated from Nusselt’s® work this coefficient (K) 
to be about 50 per cent greater for hydrogen than for air. The 
equation given by Nusselt can be reduced to the form® of 

TOO Conve 
where 
K = unit surface heat transfer 
k = thermal conductivity of the gas 
p = density of gas 
Cp =specific heat of gas 
V = velocity of gas 

This equation is also practically the same as that given by 
Pohl. Thus, the ratio of the heat transfer with hydrogen to that 
obtained with air will depend upon the exponent (n) of the ve- 
locity factor. Thus, with (n) = 1, the ratio is about 98 per 
cent and with n = 0.786 as given by Nusselt the ratio becomes 
about 150 per cent. The writer has found that for turbulent 
gas flow where the gas pathisstraight and uniform, the heat loss 
varies as V°-®° to V°-°®; and where the air path is irregular the 
unit heat loss variesas V°-7> to V°-85. Henee, it is estimated 
that in an average generator the unit heat dissipated with hydro- 
gen will be about 25 per cent greater than with air, which is not 
far from the figure given in the paper. 

The paper states that the rate of heat transfer in the coolers 
should be about three times greater for hydrogen than for air. 
This figure seems too high; it might be correct for the tubular 
surface but is probably too high or the fin surface, and this latter 
surface is usually several times greater than the tubular surface. 
The writer estimates the heat transfer in the usual type of cooler — 
to be 50 to 100 per cent greater for hydrogen than for air. This, 
of course, is a big factor since the cost and size of the present 
cooler can be reduced. 

The majority of the iron and copper losses in the core have to 
flow an appreciable distance through the iron to the ventilating 
surface. This necessarily requires a temperature drop. Where 
radial ventilation is used, the heat flow is mainly across the lami- 
nations, in which direction the heat flow has a high-resistance 
path due to the varnish and gas film between the laminations. 

With one-watt flow across a 1-sq. in. section of the usual 
0.017-in. varnished iron laminations, the temperature drops are 
approximately: 


Deg. cent. drop through 


Tron Varnish Gas Total 
1.0 11.0 (Air). 7 21,0 33 deg. cent. 
1.0 11.0 (Hydrogen) 3.0 15 deg. cent. 


Hence the rate of heat flow across the laminations should be 
at least doubled by using hydrogen as the cooling medium. 

One of the most important portions of the heat-flow path 
is from the copper through the insulation. This part has more 
influence in limiting the rating than any other since the thermal 
conductivity of insulating materials is so low. The thermal 
resistance through ordinary insulation in air is about 3000 times 
greater than that through copper. All insulation in the built-up 

3. Forced Convection of Heat in Gases and Liquids, Eng. & Ind. Chem., 
May, 1924. 
' 4. “Fundamentals of Heating Calc.,"’ by R. Pohl, Arch. f. Electro, 
June 30, 1923. 

5. “Heat Transmission in Conduits,’’ by W. Nusselt, Z. V. d. I., 
October 23, 1909. 

6. This was done on the basis of (K) being independent of the tem- 


perature of the gas and surface, which is practically true of the range in 
which we are interested. 
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wrapper will necessarily contain some small gas spaces; hence 
these gas spaces, if they are air, will offer considerable resistance 
to the heat flow, since the thermal resistance of air is about ten 
times that of the insulation itself. 

To check the above, the Westinghouse Research Laboratory 
has made tests on the thermal conductivity of the insulation 
on turbo armature coils. The results show that the thermal 
conductivity of these mica insulations as used is from 150 per cent 
to 250 per cent as great with the coils in hydrogen as obtained 
on the same coils inair. The particular ratio depends upon the 
compactness of the insulation, that is, the percentage gas space 
in the wrapper. This increase in heat flow with the hydrogen 
cooling system will result in a considerable reduction of the con- 
ventional ‘‘hot spot.”’ 

The temperature of the rotor copper is usually the limiting 
temperature, with air as the cooling fluid. It will also tend to be 
the limiting factor when hydrogen is used, due to space limita- 
tions and to appreciable temperature drops through the solid iron 
core which will be unaffected by the gas used for cooling. 

In the tests given by the writers, the apparatus simulated 
conditions found in a solid rotor where there would be a econ- 
siderable temperature drop through the iron. However, in a 
ventilated rotor, even better results could be expected, since this 
drop through the iron would be reduced. 


ComMPARATIVE Corona Errects Unpir 15,000 Vouts ror 
19 Days. 


As to the insulation, the writer also agrees with the authors 
that its life would be materially increased in a hydrogen atmos- 
phere. Oxygen in the air is the main factor which causes 
mechanical deterioration. Dr. C. F. Hill made tests regarding 
the corona action upon insulation in air and in hydrogen. The 
results were even better than those quoted in the paper in favor 
of hydrogen. Two kinds of insulation were tested, one varnished 
cambric, the other a mica wrapper. Both were wound on a glass 
tube and 15,000 volts a-c., 60 cycles, was applied for 19 days. 
Most of the stress was through the glass tube but a heavy corona 
could be seen covering the insulation. At the end of the test, 
the sample in hydrogen was unchanged, while the one in air was 
radically altered. The varnished cambric was bleached and was 
very brittle; the paper in the mica wrapper was completely 
destroyed. The hydrogen prevented the chemical action found 
on the sample in air. 

As to the possibility of explosive mixtures with hydrogen, 
the average of nine investigations’ gives the explosion limits as 
7.9 to 69.4 per cent hydrogen in a hydrogen and air mixture. 

An indicating or recording instrument for giving the purity of 
the mixture can be easily obtained by using the conductivity-cell 
bridge method®. This is exceedingly accurate and is well suited 
for such purposes. 

Gases other than hydrogen can be used for a cooling medium. 
Thus helium (if made available in the future) is an inert gas with 
a density about !/7 of that of air. Its specific thermal capacity 
is about 73 per cent of that of air and its thermal conductivity is 


7. See article by C.J. Rodman, Elec. World, 6-24-22. 
8. Thermal Conductivity for Analysis of Gases. 
Bureau of Standards, No. 249. 
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almost as high as that of hydrogen. 
able to the operating men. 

L. B. Bonnett: From the user’s point of view, there are 
some very striking things in this Table II showing the results of 
the tests on the small 3000-ky-a. machine. If we can expect to 
get a one-third increase in capacity out of the same material, 
presumably at approximately the same price, we are getting some- 
thing thatis very interestingindeed. At thatincreased rating the 
total loss is practically the same, in fact, it has slightly decreased. 

Looking at it from a little different point of view, many of us 
use stand-by machines that are in operation ready to take load, 
and the no-load losses are a very important factor. If the use of 
hydrogen ean reduce those losses by, say, 50 per cent, that indeed 
is a very great advantage for this particular duty. 

This light-load loss, too, has another rather interesting appli- 
cation. Turbo generators are commonly equipped with closed 
ventilation and air coolers and very frequently condensate is 
used for cooling. Since the light-load losses are usually more 
than half the full-load losses, the condensate at light loads has 
to be recireulated in a more or less complicated fashion or some 
other means of cooling supplied. This very great reduction in 
the fixed losses would mean that the losses would decrease more 
nearly in proportion to the load and the condensate itself might 
be perfectly adequate for cooling the machine all the way down. 

With all the advantages mentioned in this paper—a really 
astonishing catalog of advantages—it behooves us, the users, 
not to be too sure that the one disadvantage, the possibility of 
an explosion, is an insurmountable defect. I believe our serious 
consideration is well worth while. 

W. B. Kirke: It is hoped that further investigation on the 
life of insulating material when operated in hydrogen as compared 
to operation in air can be made. It might be found quite practi- 
cal to operate at higher temperature limits in hydrogen than 
have been standardized for operation in air. It is also to be 
hoped that this paper will be supplemented by others which will 
indicate the installation cost of such a ventilating system and 
some idea of the equipment necessary for its operation. 


C. J. Fechheimer: A few years ago the only media for 
cooling considered were air oil, and water. The use of oil or 
water has never met with favor in this country, even though 
certain important advantages could be secured by their adoption. 
It seems that electrical engineers were not aware until a few years 
ago that the gains to be obtained by means of some other gas 
were ufficient to warrant employing it instead of air. Even 
after the suggestion of the use of a lighter gas was offered to the 
designing engineers, they did not immediately consider its 
adoption. The gas proposed in the Schiler patent is hydrogen, 
and the first thought that entered the mind of the engineer was 
the danger of explosion. It was not until he learned that 
detonation will not occur if hydrogen constitutes more than about 
70 per cent of a mixture with air that he felt that possible gains 
were great enough to warrant investigation. We now have 
records in this paper of the studies and researches given by three 
engineers of one of the leading electrical manufacturing companies 
on this subject. It is the first public presentation to a group of 
engineers of a systematic study of this advance which it is be- 
lieved will considerably modify the design and construction of - 
large electrical machines in the future. 

Of the various gains to be obtained by means of hydrogen, 
there are two of prime importance. The first is the enormous 
reduction in windage loss due to the low density, and the other 
is the decrease in thermal drop through the insulation. In the 
large high-speed steam turbo alternator the windage is the great- 
est loss and may be as high as 50 per cent of the total. By sub- 
stituting hydrogen for air this loss becomes almost negligible. 
In addition to the gain in efficiency, the temperature rise due to 
the windage becomes insignificant, whereas in the present day 
machine it is from 5 to 10 deg. cent. 

It has been recognized for a number of years that the tiny 


Such a gas would be prefer- 
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voids in insulation reduce the net thermal conductivity of the 
wrapper to about 50 to 75 per cent of that which would obtain 
if the wrapper were solid throughout. Now we find that 
because hydrogen diffuses so readily hydrogen will supplant the 
air and the resistance to heat flow in the voids will be decreased 
to about one-seventh, and the net conductivity will be greatly 
improved. The authors find 30 to 58 per cent improvement in 
net conductivity for the field core, and they estimate about 42 
per cent gain for the armature coil. Also, because the thermal 
conduetivity is high, the transverse drop through a package of 
laminations is reduced, and the drop from the surface is de- 
creased. So the authors find that as a result of all the gains, a 
certain turbo alternator can be rated about 30 per cent higher by 
substituting hydrogen for air. But that is not the final word; 
to take full advantage of the properties of hydrogen, the machine 
should be proportioned differently. For example, the velocities 
of the gas in the vent ducts can be increased, and the lamination- 
package thickness can be enlarged.. Owing to the reduction in 
total losses, the volume per unit time of the gas may be lowered. 

Also, as the authors state, there is a likelihood of reducing 
thickness of insulation wall in the stators when mechanical 
considerations do not enter. At present it is difficult to state 
how much the weight, cost and size of the generator may be 
decreased if full advantage of all gains is taken in the design. 
But certainly the cost will be reduced considerably. 


There are a few points which are not covered in the paper. 
Two will be mentioned. In very large machines as designed at 
_ present, it is not feasible to evacuate in order to replace the air 
by hydrogen or vice versa, as the stresses arising from atmos- 
pherie pressure are prohibitive. While it is possible so to pro- 
portion those parts as to prevent collapse while evacuating, it is 
believed that an alternative plan which will maintain all parts 
at or near atmospheric pressure should be entirely satisfactory. 
The plan is to replace the air by an inert gas, such as nitrogen, 
and then to replace this inert gas by hydrogen. Tests are now be- 
ing conducted for determining how satisfactorily this can be done. 


Another feature is that to minimize leakage, suitable stuffing 
boxes should be provided where the shaft passes through the 
openings in the end bells. It seems at present that this is the 
most difficult part of the problem. Experimental work is now 
under way on a water-giand seal, and with this device it is be- 
lieved tnat the leakage will benegligible. Ample precautions are 
being taken to avoid the escape of water into the generator. 

The authors have used the thermal-conductivity method for 
determining the extent to which the hydrogen is contaminated. 
Another method consists of a small fan driven at constant speed, 
the inlet and outlet of which join into the system. The pressure 
which the fan generates is directly proportional to the density 
of the gas, and the pressure difference between the inlet and out- 
let can readily be indicated on an ordinary manometer. The 
relation between the percentage of hydrogen and the reading on 
the manometer is linear, assuming that air is the contaminating 
gas. The authors state that with the thermal conductivity 
method, 1 per cent impurity will change the potential drop from 
11.5 to 12.5 volts or 8.7 per cent. With the density method, the 
same change in constituency will alter the manometer reading 
13.3 per cent. Thus, there is greater sensitivity, and it is believed 
that the device is more direct and.simpler than the thermal 
method. The density method can be used to operate a signal, 
or possibly to operate switches automatically. 

While further experimental work must be done prior to the 
building of machines for service, the outlook is very bright, and 
it is believed that the time is not far distant when machines 
using hydrogen will be in operation. 

J. Rosen (communicated after adjournment): The authors’ 
investigations into the difficulties of ventilation of electrical 
machinery will be weleome as being of theoretical interest, more 
particularly as they have some bearing upon the conditions for 
generating at higher voltages than have been customary in the 
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I do not think, however, that the use of hydrogen can be 
considered practicable at the present moment. It has the draw- 
back of increased cost and complication in design. Further, I 
do not think that the danger of forming an explosive mixture can 
be altogether avoided. The closed-circuit system of ventilation 
has now been generally adopted for large alternators. The 
advantage with the use of hydrogen in avoiding the danger of 
fire also applies to the closed-circuit system using air, as, with 
the limited amount of air in the latter, the damage that can be 
done by fire is limited. I illustrate this by the following example: 

The volume of air in the alternator and ducts of the closed- 
circuit system of a 25,000-ky-a. alternator at 3000 rev. per min. 
is approximately 2000 ecu. ft. containing 40 lb. of oxygen. This 
quantity of oxygen could consume 15 lb. of carbon or 40 Ib. of 
wood, but as the principal product of combustion is carbonic acid 
gas, and a flame is extinguished when only 4 per cent of carbonic- 
acid gas is present, the amount of wood consumed would only be 
about 2 lb. The total weight of combustible material in the 
alternator, including wood packing and insulation, exceeds 1000 
lb. It is obvious therefore that the fraction of material that 
would be damaged or consumed by fire would be negligible. 

To reduce the losses in the fans attached to the rotor body, 
I prefer to use separately driven fans, and to adopt a suitable 
system of ventilation to reduce the pressure drop through the 
alternator to a minimum. By this means, an improvement in 
efficiency of one per cent can be obtained. In the ventilation 
scheme described in the paper’, ‘‘Some Problems in High-Speed 
Alternators and their Solution,” the air-pressure drop through 
the alternator is reduced to approximately 3-in. water gage. 

Robert Pohl: The valuable research which Messrs. Knowl- 
ton, Rice and Freiburghouse publish on this subject might with 
advantage be extended to the use of methane. In a paper pub- 
lished in 1923 (Archiv. F. Elect., June 30, 1928, p. 361) I 
defined what one might term the cooling constant of various 
gases and showed that this constant is even higher for methane 
than for hydrogen. Since methane is also cheaply obtained as 
a by-product, its use may well be considered. Although the 
risk of explosion is not serious in any case the much smaller area 
of ‘“exploibility’”’ would be a practical advantage. 

E. H. Freiburghouse: From the discussions itis evident that 
other engineers have also been giving active consideration to the 
subject and almost all of them seem very optimistic for the future 
use of hydrogen as a cooling medium for electrical machinery. 

Opinions and data which have geen given seem, in the main, 
to agree quite well with those given in the paper. Although the 
points raised by Mr. Fechheimer were not covered in the paper, 
they have been carried out or considered during the investigation 
by the authors. 

Mr. Fechheimer mentions the use of an inert gas, such as 
nitrogen, for replacing the air and hydrogen in the generator be- 
fore and after the installation of the hydrogen. Nitrogen was 
used for this purpose during the heat tests which were made upon 
the 3380-kv-a. generator. 

It was realized from the beginning that to prevent the leakage 
of hydrogen between the rotating and stationary parts of the 
generator was the most difficult and expensive problem to solve. 
Two different types of seals have been developed each of which 
reduces the leakage to a negligible value. In the liquid seal it 
is thought that oil is preferable to water. 

‘A small fan driven at constant speed was used in some of our 
earlier investigations to determine the density of the gas mixture 
and, as Mr. Fechheimer states, it has several attractive features. 

If hydrogen is used as a cooling medium, the authors believe 
that Mr. Rosen will agree that fans upon the rotor of the genera- 
tor are preferable to separately driven fans. We believe that 
the pressure drop of the air through the generator should greatly 
exceed the 3 in. of water which Mr. Rosen mentions, if the neces- 
sary velocity of the air is obtained for a high value of unit-surface 
heat transfer. 

9. Journall. E. E., Vol. 61, No. 317, p. 447-8. 
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Stored Mechanical Energy in Transmission 
Systems 


BY J. P. JOLLYMAN: 


Associate, 


Synopsis.—The paper considers the performance of the stored 
mechanical energy in the moving masses connected synchronously 
to a transmission system during changes in load, changes in 
input, and changes of transmission capacity, 

The stored mechanical energy greatly affects the performance of a 
transmission system during sudden changes in transmission line 


Ace ele 
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capacity occasioned by switching out or in a parallel circuit. 
Such switching operations lead to oscillations of input due to the 
interaction of stored mechanical energy and the altered difference in 
phase between generated and received voltages over a transmission 
line. 


* * * * * 


HIS paper will consider the performance of stored 

mechanical energy in a transmission system during 

changes in load, in input, and in transmission 
capacity. 


TYPICAL TRANSMISSION SYSTEM 

For this paper’s purpose, a typical transmission sys- 
tem will be considered to consist of two or more generat- 
ing plants connected to a network feeding load centers 
by double circuit lines of considerable length. Some 
generating capacity may exist near the load centers, but 
its existence or absence has little effect on the subject 
under consideration. 


Mechanical energy is stored in every moving mass 
connected to a transmission system. The most im- 
portant of these masses are those revolving elements 
the speed of which fluctuates with changes in system 
frequency. The rotors of synchronous machines, such 
as generators, synchronous motors, rotary converters 
and synchronous condensers, are of greater importance 
than the rotors of induction motors or the revolving 
parts of machinery driven by induction motors, because 
the synchronous machines must follow the: system 
frequency precisely while induction motors have some 


slip. The stored energy in devices such as street cars 


connected to a transmission system in a non-regenera- 
tive manner does not influence the performance of the 
stored energy of the system. 


TYPICAL FLYWHEEL EFFECTS 


The greatest flywheel effects per kv-a. of capacity 
will usually be found in the rotors of large generators. 
Typical flywheel effects are: 

Large hydro unit — 27,000 kv-a., 225 rev. per min. 
W R? = 5,000,000. 

Stored energy = 43,031,250 ft-lb. = 16.2 kw-hr. 
= 1590 ft-lb. per kv-a. 

Small high speed hydro unit — 7500 kv-a., 514 rev. 
permin. W RF? = 200,000. 


1. Hydroelectric and Transmission Engineer, Pacific Gas & 
Electric Co., San Francisco, Cal. 

Presented at the Pacific Coast Convention of the A. I. E.E, 
Seattle, Wash., Sept. 15-19, 1925. . 


Stored energy = 8,976,000 ft-lb. 
= 1195 ft-lb. per kv-a. 

Synchronous condenser — 20,000 kv-a., 600 rev. per 
min. W R? = 500,000. 

Stored energy = 30,600,000 ft-lb. 
= 1580 ft-lb. per kv-a. 


TOTAL FLYWHEEL EFFECT OF SYSTEM 


The total flywheel effect of a large transmission 
system is difficult to estimate but may be of the order of 
2000 ft-lb. per kv-a. of connected generator capacity. 
Assuming 1.25 kv-a. of generating capacity for each 
1.00 kw. of load, a five per cent increase in load will 
reduce the speed from 60 to 59 cycles in about two 
seconds, if the mechanical input is held constant. 

Many classes of load decrease with a decrease of 
speed. Among these are centrifugal pumps and other 
motor-driven devices. Experience on a typical large 
transmission having a load of 300,000 kw. indicates a 
loss of about 3.5 per cent in load for a reduction in speed 
from 60 to 59 cycles and a corresponding gain for an 
increase of one cycle. 


PERFORMANCE OF STORED MECHANICAL ENERGY 
DuRING LOAD CHANGES 


An addition of load to a transmission system does not 
cause an immediate increase in input of the governing 
generators. The governors are responsive to speed 
only; hence they cannot add input until the speed has 
dropped the 0.1 per cent to 0.2 per cent necessary to 
cause the governors to act. The additional load. is 
supplied from the stored energy of the system while 
the speed is decreasing to a point where the governors 
start to act. The input is then increased until the speed 
returns to normal or until it returns to the speed cor- 
responding to the load on the governing units, depend- 
ing on whether the governor is adjusted to maintain a 
flat speed or a drooping speed. 

Where two or more generating units are governing 
at the same time, their governors must be set with a 
drooping speed characteristic. In such cases the speed 
will not return to normal unless the synchronizing mo- 
tors of the governors are readjusted. 

A reduction in load causes a similar train of events. 


= 3.37 kw-hr. 


= 11.5 kw-hr. 
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The governing unit does not immediately decrease its 
input. The excess input increases the stored energy 
with the increase of speed necessary to bring the gov- 
ernor into action, whereupon the speed returns to 
normal. 

A consideration of the events attendant upon a 
change of load shows the fallacy of a speed governor 
which is controlled by the electrical output of the 
governing unit. The only change in output occasioned 
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by a change in load is the share of the total stored energy 
contributed by the governing unit. If the governing 
unit is to maintain speed it must be controlled by speed. 


PERFORMANCE OF STORED MECHANICAL ENERGY 
DURING CHANGES IN INPUT 


A generating unit may be separated from the system 
by the operation of a switch with the result of a sudden 
decrease of the input to the system. 

The general effects are the same as when a load is 
suddenly applied. The stored energy of the system is 
drawn upon until the speed drops to a point where the 
governors begin to act. 

A sudden decrease of input due to switching off a 
generator under load causes an oscillation of the stored 
energy of other generating units in the same or nearby 
plants with respect to the system at the receiving end of 
a transmission line. The flow of power over a trans- 
mission line is accompanied by a lag in time phase of the 
receiver voltage behind the impressed voltage. The 
difference in phase depends upon the length of the line 
and the amount of load carried. This difference in 
phase is analogous to the twist in an elastic shaft oc- 
casioned by a torque. The degree of twist between the 
ends of the shaft depends upon its length and the torque 
applied. 

The sudden tripping of a generator under load leaves 
the remaining generators in the same plant in an angular 
position ahead of the angular position corresponding to 
the decreased input to the transmission line. These 
generators must drop back in angular position, hence, 
must slow down slightly and yield some of their stored 
mechanical energy. Finally, the generators must 
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return to the system speed and the normal amount of 
stored energy. The process involves an oscillation of 
the angular position of the generators with respect to the 
synchronous equipment at the receiver end of the line 
with a corresponding oscillation of electrical output. 
This oscillation is independent of the mechanical output 
of the prime mover which will usually remain constant, 
since the changes in speed during the oscillation will 
usually be less than those required to cause the gov- 
ernors to act. Fig. 1 shows the character of this 
oscillation. 

An increase in input as might be occasioned by a 
plant pulling up a block of load acts in a manner similar 
to a decrease of load—the stored energy is increased 
with the increase of speed to the point where the 
governors begin to act. 

Since increases of input are usually less sudden than 
decreases due to the separation of a generating unit, the 
attendant oscillations are usually less pronounced. 
Such as occur are due to the increase in the phase angle 
over the line which must take place before the line can 
deliver additional load. 
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GENERATOR OvuTpuT AND ANGLE BETWEEN GENERATOR AND 
RECEIVER VOLTAGE DUE TO ONE oF Two PARALLEL TRANSMIS- 
sION Linus TRIPPING 
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THE PERFORMANCE OF STORED ENERGY DURING 
CHANGES IN TRANSMISSION LINE CAPACITY 


Stored energy is an important factor in the per- 
formance of a transmission system during changes of 
transmission line capacity occasioned by switching out — 
or ina parallel circuit. Such an operation results in 
a sudden change in the load on the line or lines re- 
maining in service. The change of load on the line 
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requires a change in the angular position of the genera- 
tor voltage with respect to the receiver voltage. This 
change in angular position requires a change in stored 
energy and the transition is accompanied by an 
oscillation. 

The case most likely to cause difficulty is the loss of 
one of two parallel circuits when the load on the re- 
maining circuit approaches the limit of synchronous 
stability. Under these conditions the oscillation in 
kilowatt input arising from the oscillation of the stored 
energy may result in an input which exceeds the stabil- 
ity limit even though the steady state input is consider- 
ably under the limiting load for the remaining line. 

A better understanding of the subject may be had 
by considering the performance of the generators at the 
time one of two circuits is switched out. Reference is 
made to Fig. 2. 


' Preceding the instant the parallel line trips out, the 
angle between the generator and receiver voltage may be 
n°. When the circuit trips, the remaining circuit 
cannot carry the total load until its angle has become 
even more than 2 n°; hence the generator output drops 
to about half of its previous value and the excess of 
input from the prime mover increases the stored energy 
and the speed until the normal generator output is 
restored. 

At this point the generator is running faster than the 
receiver; hence the output continues to increase until 
the excess stored energy is reduced to normal when the 
generator will be slowing down. Thus an oscillation of 
kilowatt output, angular difference between generator 
and receiver voltages and stored energy is started which 
may result in a maximum kilowatt input exceeding the 
limiting load the circuit can carry. 

The performance of the transmission system under 
these conditions is greatly complicated by the fact that 
the sudden decrease in input attendant upon a line 


opening, starts an oscillation of the synchronous re-- 


ceiving apparatus with respect to the generators. 


The period: of oscillation of each synchronous unit 
will depend upon its W R? per kv-a. which will usually 
be different for each unit of different size or character. 
The resultant performance of the transmission system 
is extremely complicated and probably impossible to 
predict with accuracy. Observations indicate that the 
oscillations of energy flow in the transmission system 
are composed of several different frequencies 
superimposed. 

Switching in a second parallel circuit also causes an 
oscillation of mechanical energy with the reverse effects 
to those observed for switching a line sut. The 
generator output will be momentarily increased, fol- 
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lowed by an oscillation. Such an operation is probably 
less likely to cause synchronous instability than switch- 
ing out a parall elcircuit; however, a severe disturbance 
may be set up. A much better method of operation 
consists in transferring generators to the incoming line 
and equalizing the loads before the lines are paralleled 
at the generating plant. 


Discussion 


R. J. C. Wood: The outstanding point which struck me in 
this paper was the very small number of kilowatt-hours that are 
stored in the kinetic energy of the moving fly-wheel. Here is a 
27,000-kv-a. unit and the total stored energy from full speed 
down to nothing is only 16 kw-hr. That seems to be such a 
small amount that it would not enter materially into any dis- 
turbances of the system, particularly as the whole of that 16 
kw-hr. is not used since the speed will not drop from full speed to 
zero; the fluctuation will be very small and the amount of energy 
re eased will correspond to it. 

L. N. Robinson: In connection with Mr. Jollyman’s paper, 
it may be of interest to mention that it is intended to synchronize 
the 19,500-kv-a., hydraulic-turbine-driven generators at the 
Baker River Station automatically. 

It is expected that this will facilitate operation and improve 
the service considerably. It willreduce the number of attend- 
ants to one on each shift. It is expected that automatic syn- 
chronizing will expedite the starting up and connecting of 
generators to meet changing load requirements and that it will 
be effective in restoring service quickly after serious interruptions. 

Two speed switches are geared to the shaft of each of the 
generating units. One speed switch is closed when the speed of 
the unit is more than 95 per cent of normal speed and the other 
is closed when the speed is less than 105 per cent. The two speed 
switches are connected in series so that the circuit is closed only 
when the speed of the unit is within 5 per cent of normal. When 
he desires a unit to be synchronized automatically, the operator 
will turn a key switch on the main switchboard. This key 
switch connects the closing circuit of the generator oil cireuit 
breaker through the speed switches and the oil circuit breaker 
will be closed automatically when the speed comes to within 
5 per cent of normal. This procedure applies whether the 
machine is being started up or is coming back to normal after 
excessive speed due to sudden interruption of the load. 

The generators are equipped with amortisseur windings, since 
they are intended to be thrown on the bus without d-e. field 
excitation, relying upon the induction-motor effect of the squirrel- 
cage winding to bring them nearly to synchronism. The auto- 
matie synchronizing control is interlocked with the generator field 
switches so that a generator cannot be thrown on the bus auto- 
matically unless its field switches are open. 

As far as we know, these are the largest generating units to be 
equipped for automatic synchronizing up to this time, and they 
are of especial interest because each unit constitutes approxi- 
mately 20 per cent of the present peak generating capacity of the 
system on which they are being installed. ° 

J. P. Jollyman: While as Mr. Wood has pointed out, it is 
true that the fly-wheel effect of a large generator is only a few 
kilowatt-hours, still the total fly-wheel effect of alarge system is 
sufficient to prevent the usual load changes from producing 
material speed changes within the time required for governor 
action. 
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Mechanical Design of Spans With Supports at Unequal 
Elevations 
BY G. S. SMITH? 


Associate, A. I. E. E. 


Synopsis.—The purpose of this paper is to derive a practical 
method of design based wpon the catenary formulas for spans whose 
supports are not at the same elevation. It is furthermore intended 
completely to formulate the method for applying tt to any cable which 
is suspended freely or is uniformly loaded, as well as for obtaining 
its characteristics after the temperature or loading conditions of the 
cable have changed. 

After a brief survey of the present need for more accurate methods 
of mechanical design of transmission line cables, the several formulas 
which are adapted to spuns with supports at unequal elevations are 
given, and the method of using them is fully explained. All Such 
special formulas are fully derived in the appendix. 

The first method given depends somewhat upon interpolated values 
from the symmetrical span data. A second pure interpolation 
method is next described which has the advantage of being shorter 
than the first as well as more accurate, since it depends wpon fewer 
interpolated values from mathematical tables. 


MPROVEMENTS in the methods of mechanical 
design of electrical transmission lines have scarcely 
kept pace with the advancement made in the elec- 

trical design. Most of the methods offered for the solu- 
tion of the span whose supports are at the same eleva- 
tion are based either upon the assumption that the 
cable takes the form of a parabola or upon some scheme 
of selecting the desired values from a set of curves. 
Few, if any, of these methods used in the past are capa- 
ble of giving results with any great degree of accuracy. 
For the solution of the span problem, when the supports 
are not at equal elevations, the methods available are 
still fewer in number, and even more approximate in 
character. 


Such methods were sufficiently accurate in the past, 
since the cost of the small lines used was not great in 
comparison with the total cost of the development. 
However, a very marked change has taken place in the 
last several years until now the cost of the transmission 
line is often a very important item. Both the increased 
capacity and more permanent type of construction 
demand larger spans than were previously used in 
order that the greatest economy may be obtained. 
Then again, we are now reaching out into the very 
rugged parts of the country for the water-power avail- 
able there, and here also we find a stimulus toward the 
use of long spans to decrease the construction expense. 
Here also we find many, if not most, of the spans, with 
supports at unequal elevations. It is needless to say 
that economy and reliability in such construction 
demand the most accurate data obtainable. 

1. Instructor in Elec. Eng., University of Washington. 
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The use of these two methods is then fully illustrated by the solu- 
tion of three typical spans. Data for the cable used in symmetrical 
spans are first given, and from these the solution for the span with 
supports at unequal elevation is obtained. For the purpose of 
comparison the computations used in obtaining the desired values 
by each method are given in full for one of the spans chosen. 

These data are entered on a complete set of forms stating all 
formulas used and indicating by the headings of each column the 
operation performed to obtain the results recorded therein. These 
forms have been so arranged that by supplying the proper constants, 
they may be applied to any similar span problem, and thus will 
greatly reduce the work and the possibility of errors in the final 
results. ae 

This affords a well defined method of making, to any desired 
degree of accuracy, computations which can be applied equally well 
to all types of spans with supports at any relative elevation. 


* * * * * 


In 1917 Professor Kirsten? presented before the 
Institute his paper on “Transmission Line Design,” 
in which he offered a method of design for spans with 
supports at equal elevations, based upon the equation 
for the catenary curve. His method, as later im- 
proved?, is capable of almost any degree of accuracy 
desired. This paper presents a somewhat similar 
method of design for those spans whose supports are at ~ 
unequal elevations. 

Since the formulas derived have a definite relation to 
those usually given for the catenary curve, this relation- 
ship will be next explained and the reasons why new 
formulas may be desired will be shown. 


CATENARY EQUATIONS WITH HIGHER SUPPORT AS 
ORIGIN OF COORDINATES 


A flexible cable suspended from two points at an 
equal elevation forms a catenary symmetrical to these 
two points of support under all conditions of tempera- 
ture or uniform loading. In this case the origin of 
coordinates may be taken at its lowest point where the 
tangent to the cable is horizontal. Thus only half of 
the span need be considered. 

The value of X at the point the cable is fastened to 
the support will be equal to half the total span, and the 
corresponding value of Y will be the total sag of the 
cable for the load tempretaure and tension conditions 
existing. If we should raise or lower the supports so 
that the lowest point of the cable would always be at 
the same elevation, under varying load and temperature 

2. FE. K. Kirsten, Transmission Line Design, 1917 A. I. E. E. 
TRANS. 

3. F. K. Kirsten, University of Washington Experiment 
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conditions, the cable would take positions similar to 
those shown in Fig. 1. 

In the catenaries shown, the tension at any point on 
the cable x distance from the origin may be expressed 
by the simple catenary equation given in hyperbolic 
functions; thus 


x 
P = ¢w cosh —— 


(1) 


Similarly the distance of the same point above the 
horizontal is expressed by 
x 
Y= COST eave (2) 
and the equation for the actual length of the cable from 
Oto Ris 
: By 
$s = ¢ sinh ate (3) 
The concept c is a constant for all points on any given 
catenary. It has a value equal to the length of cable 
whose weight is the same as the value of the horizontal 
tension, or the actual tension on the cable at the lowest 
point. 

If the same cable is suspended from supports not at 
the same elevation, the point at which the tangent to 
the cable is horizontal does not lie midway between 
supports. Furthermore it changes its position for 
every change of temperature or loading. However, 
each of the various curves formed, is a portion of some 
symmetrical catenary similar to those in Fig. 1. 
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Fig. 2 represents such a cable suspended between 
points A and B, showing three of its positions under 
three respective assumed temperature or loading con- 
ditions. Each curve is projected to the horizontal line 
AC;. It is evident then, that each curve between A 
and B is a portion of a symmetrical catenary with the 
lowest points at D,, D, and D; respectively. Obviously 
the simple catenary equations hold for any one curve 
referred to its lowest point as an origin, but this proves 
of little value since the origin shifts when the assumed 
conditions change. Thus the simple relations between 
the curves in Fig. 1 for various assumed conditions is 
lost for the similar curves in Fig. 2. 
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From the foregoing it is evidently desirable to derive 
the corresponding equations with the origin at one of the 
supports, which is a point on the resulting catenary 
under all conditions. Since the support A has the 
greater tension at all times, and will always be one ot 
the ends of the resulting equivalent symmetrical cate- 
nary, it is the more desirable for the origin. Thus with 
the higher support as an origin, most of the values 
found in the tension-sag data for symmetrical supports 
can be substituted directly in the new formulas. The 
equations derived with A as the origin will hold equally 
well for B or D as the origin if proper substitutions are 
made. 

Fig. 3 shows one of the curves in Fig. 2 with the 
various tensions, angles, etc., indicated. With the 
point A as the origin of coordinates, the following 
equations have been derived: 


c ong : x 
s= [ sinn = — sin aq ( cosh ~~ 1) | (13) 


COS Bn 


For the sag of the point p below the point A 


y= (14) 


h = — sing sinh — 1 | 
Coney [ cos x ee sin 6, sin aay 


Tm 


Bm 


and for the tension on the cable at point P 


cw 
~~ COS Bn 


ce 7 
[ cosh 5 ae sin 6,, sinh = | (15) 
The full derivation of these formulas is given in Appen- 
dix 1. 

The following list will explain the symbols used in 
these formulas, as well as all others which will be used 
throughout the paper to specify special values. 

w = weight per foot of cable in pounds 
S total length of the cable from A to any point P 
x = any horizontal distance measured from A 
X = half span length of the equivalent catenary with 
supports at the same elevation 
y = sag at any point 
Y = maximum sag corresponding to the value X on 
the equivalent catenary 
T = tension at any point 
T,, = tension at the upper support or at either support 
in the equivalent catenary 
angle the tangent to the cable makes with the 
horizontal 


co) 
ll 


Bb», = value of 6 at the upper support 


c = length of cable whose weight is equal to the 
horizontal tension on the cable 
a = horizontal distance between supports of the span 


with supports not at the same elevation 
= difference in elevation of supports 
d = maximum horizontal distance from the straight 
line between supports to the catenary 

Equations (13), (14), and (15) are the generale qua- 
tions for the catenary, assuming the origin of coordinates 
at the higher support. By substitution of the value of 
gat any point, P, for8,,, the formula will then be the equa- 
tion for the catenary with the point P as the origin. 
Thus if the value of 6 is zero, which is true at the point 
where the tangent to the cable is horizontal, the for- 
mulas will reduce to the simpler expressions given in 
(1), (2), and (3). 

The new equations derived might be used to solve 
spans with supports at any relative elevation, but the 
mathematics involved in finding the new span data 
after changing temperature or loading conditions would 
be very difficult. However, since the tension-sag data 
for spans of various lengths, with supports at the same 
elevation, are usually required for every line designed, 
certain parts of these data may be substituted in the 
foregoing equations to obtain the desired results for 
the span with supports on an incline. 


o 
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APPLICATIONS OF EQUATIONS—FIRST METHOD 


In Fig. 4 two catenaries from the tension-sag data for 
symmetrical spans are shown as A B, and A B,.. These 


ErGuee 


are both at the same temperature and loading conditions 
but for different span lengths. The third catenary 
A B’ is the desired one, passing through its points of 
support A and B. Thus the part AB is the actual 
cable suspended, and A B’ the equivalent symmetrical 
catenary. 

All values of c, T,,, Y, X, and w are known for A B, 
and A B,. Also the spacing (a) and the difference of 
elevation of supports (b) on A B are known. 

If in equation (12) the value (a) is substituted for x 
and also the values of c, cos Bn, and sin B,,; correspond- 
ing to the known curve A B,, the resulting value of y 
will be the value indicated by 6; If a similar 
substitution is made in (12), using values of c, cos 
Bmo, and Sin Bm. corresponding to curve A Bz, the result- 
ing y will be the value indicated by bz. 

It is only necessary to compute the values of y for 
three or four of the known catenaries, and plot curves 
between these values of y, now given as },, bs, ete., 
and the corresponding values of c, X and T,,. The 
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desired values of c, X, and 7’, will then be the points 
corresponding to 6 on these curves. The values of Y, 
w or any others may be found by a similar method, or 
may be computed. 

The value X here is the half span length of the equiv- 
alent symmetrical catenary and Y the maximum sag 
of the same catenary. 

It is obvious from Fig. 4 that there are two points 
on the curve A B’ which have the same difference of 
elevation from the support A. Thus b corresponds to 
span a, and 6’ corresponds to a’. In other words the 
desired catenary may have a total span a greater than 
the half span X of the equivalent symmetrical catenary, 
or a span a’ which may be less. In the latter case the 
lowest point on the line is at the lowest support and the 
vertical component of strain upon this support will be 
upward. 

An inspection of the data given later will show that 
no large amount of computing is necessary for obtaining 
the tension sag or any other data for a given span with 
supports at unequal elevations. Many of the desired 
values have already been given in the data for supports 
at equal elevations. Thus in equation (14) a is substi- 
tuted for x and the result is the required value b. 


[ cosh “ — sing, sinh = — 1 | 
cosas cos i sin 6, SIN ie 


It is shown in Appendix 1 that 
c fe 


COSBm WwW 


But the tension equation for the symmetrical span is 


(17) 
where x is now the half span. The value of c cosh 
ee 

a is given for each assumed condition in the data under 


Col. (21) in each table. Also from (41)— 


if 
cos 3,..= 


x 
cosh — 
Cc 


and 


ae 1 4 
cosh? — 
_¢ 


a a 
The values of sinh 2 and cosh | may be interpolated 


from the tables of sinhs and coshs. 

In carrying through the calculations for the method 
just described, it was found that the same results might 
be obtained with less than half the computations 
involved here, by a pure interpolation method. The 
designer will doubtless choose the second method, 
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TABLE I 


Mechanical Design of Electrical Transmission Cables 
Specifications and Constants 
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95.413026 xX 10° 


58.693021 x 10° 95.381467 x 10° 58.607634 x 10° 95.431971 x 10° 58.669715 X 10° 


(44) 
Constant for - 
Heo° 60°F. 
(18) 
(34) x K? 
58.646423 X 107° ’ 


Base temp. (£) = 68 deg. fahr. Ice Loading (a) = 0.5 in. 
Minimum temp. (4;) = 0.0 deg. fahr. F Wind Loading (V) = 8 Ib. per sq. ft. 
Freezing temp. (f2) = 32 deg. fahr. Wet. of Ice (u) = 57.37 lb. per cu. ft. 
Maximum temp. (ts) = 110 deg. fahr. 
Modulus of Elasticity (E£) ' = 29,000,000 
Coefficient of Linear Expansion (a) = 0.000,006,62 
Elastic Limit (Stranded) (T e) = 108,000 lb. per sq. in. 
Wt. per Cubic Inch (W) = 0.2833 Ib. 
[l-—-at—-t)] =K = 0.99954984 1 +a (te —ht) = K; = 1.0002118 
[1 —a@(@ —h) ? = K? = 0.99909988 1+ats —t) = Keo = 1.0007282 
[1 —a@(¢ —t) * = K* = 0.99820057 1 + @ (80° — 1) = Kz = 1.0001986 
1 + @ (60° — t) = Ka = 1.0003972 
(1) (2) (3) (A) (5) (6) (7) 
Area of Circle 
Enveloping Cable 
Layers Circular Mills per Strand] Diam. of Strand-inches Total Diam. of sq.ft. =A 
around (1) SARE Cable-inches x X (6)? 
No. of central “() aks) Sarre 
Cir. Mill Area Strands wire ) 1000 (6) [2 xX 3) +1] eae 
729646.79 37 3 19720 .183 0. 14042857 0.983 0 .00527029 
(8) (9) (10) (11) (12) 3) . 
Area of Strand Elastic Limit Elastic Limit Max. Tension Equiv. Modulus Equiv. Modulus 
Unstressed-sq. in. per Strand—lh. of Cable—lb, on Cable—lb. lb. per sq. in. lb. per sq. ft. 
a X (4) : (3) x Tie (2) (9) J be Ex (5)? x (2) Ey 
pineal 0.75 X (10) Se ET ae ea 144 X (12) 
4 X 1000 (6) 
0.01548819 1672). 7/2501 61890. 831 21897959 3153306102. 
(14) f (15) (16) (17) (18) (19) 
j Wt. per ft.—Cable 
Only—lUnder Max. 
Wt. per ft. Stress = W’’ 
free from Stress Total Modulus (16) 
w E, A Ei, Awk BAXK+T (7) 
W X (8) X @) XxX 12 (7) X (18) (14) X)(15) K & (15) * K*® + (11) m X (17) 
1.9481858 16618834 32362002. 16665766. 1.9418251 52357048 . 
(20) (21) (22) (23) (24) (25) 
Wt. of Ice Load 
(13) per ft. of Cable Wind load per 
Terie B= Sax X22) ft. of Cable-ib. 
Ge) V0) a+([2 xX (7) X K2 X21]}} ~~ 7.5013162 x (22) a +[(7) XK? X (21)] 2X8 X (24) 
60 . 226965 7 .7606034 0.12339761 0.92675509 0.08253381 - 1.3205409 
(26) (27) (28) (29) (30) (31) 
Wt. per ft. of 
Cable Loaded 
Wy 
wi +i , = A? 
(18) + (23) (262) (25)? (27) + (28) ke?) (7)? 
2.8695802 8 .2287521 1.7438283 9 .9725804 3.1579393 27.77594 x 1076 
(32) (33) (34) (35) (36) (37) 
Area of Cable 
only under Max. Constant for Constant for Constant for 
Load = A; Gi 32°F My 32°F Go 0.0°F 
a, (32) a (30) (30) (30) 
E; A? K 2 By At "(84) X Ky (34) x K? (34) 
(13) x (31) x Kt Oe. 2 X (13) X (33) Ceo 
87428 .452 0.005245.99 33084428 95.430708 xX 10° 95.410496 x 10 % 95.450924 x 10°? 
(38) (39) (40) (41) (42) (43) 
Constant for Constant for Constant for Constant for Constant for Constant for 
He. 0.0°F. G3; 110°F. H; 110°F. G30° 30°F. H30° 30°F. Geo’ F. 60°F. 
(18) (30) (18) (30) (18) PIC es 
(34) (34) X Ke (34) X K2? (34) X Ks (34) X K? (34) X Ks 
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though both are given here in order that the reader 
may be able clearly to see the principles involved. 


APPLICATIONS OF EQUATIONS—SECOND METHOD 

This alternate method of solving the span with 
supports on an incline depends only upon formulas 
given in equations (1), (2), and (3) together with the 
usual tension-sag data for spans with supports at the 
same elevation. 


In Fig. 5, let the catenary whose values are desired 
be represented by A DB with supports at A and B. 
The difference in elevation of supports will be b and 
the total span length a. If the origin of coordinates is 
at point D, this will be a portion of an equivalent cate- 
nary A DC, symmetrical about an axis at D and with 
half span values of X and Y. Every point on this 
curve can be expressed by the equation, 
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xv 
aa 
G 


The value c is constant for the whole length of the curve. 
If the value of X were known, the value of x could be 
found, since 


f= ¢ ( cosh 


c= a— X 


The difference between the elevations of D and B could 
be found by 
y = e( ) 


b= Y—y 


However, the value of X is still unknown. 

Now imagine an infinite series of catenaries, some 
shorter and some longer than the desired one, A DC. 
These were all suspended with the same maximum 
tension, under maximum loading and minimum tem- 
perature conditions, and they have all been subjected 
to the same loading and temperature changes. 

If A D, C, is one of the catenaries inthis series with 
a total span length A C, an infinitesimal amount shorter 
than A DC, it will have half span values of X; and Y;. 
The value y; may also be found for x; where 


x 
cosh — — 1 
c 


and 


07 = 


TABLE II 


Catenary at Minimum Temperature 
Cable Under Maximum Loading Conditions 


Working Formulas 
7 


= c cosh 


x 


c sinh 


19598.487 


Maximum allowable tension on cable = 61890.831 Ib. 


(1) (2) (3) (4) (5) (6) (7) 
From Tables 
x 
cosh 
2 
C1 
(5) 
Assumed From (2) X 19598.487 (4) 1 
Argument Tables Tap a (1) X (8) (3) X sinh (1) + r 
x a cj = x x S1 sinh. 
=< w, cosh DS ee DCT Sot Sins ee C1 
Cl sia 22. C1 C1 C1 x 
cl 

0.04 0.99920053 19582.818 783.3127 783.5216 1.0002667 50 .013338 
0.06 0.99820270 19563 . 262 1173 .7957 1174.5001 1.0006001 33 .353346 
0.08 0.99680851 19535 .938 1562.8751 1564.5427 1.0010670 25 .026698 
0.10 0 99502075 19500.901 1950 .0901 1953 .3419 1.0016675 | * 20.033394 
0.12 0.99284295 19458 .219 2334 .9863 2340. 5943 1.0024017 16. 706772 
0.14 0.99027940 ~ 19407 .977 2717.1169 2726.0015 1.0032699 14.332549 
0.16 0.98733513 19350. 274 3096 .0439 _3109.2706 1,.0042721 _12.553584 
0.18 0.98401586 19285 . 222 3471.3399 3490.1155 1.0054087 11.171467 
0.20 0.98032799 192127945 ~~ | ~---"3842.-5890-— —}-~--~~-3868-2576 -------l- --1.0066800 ~ 10.067155° 
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Thus 
Ly aM 1 ) 
Ci 
It is very evident from the sketch that Y, — y, will be 
less than Y— y, since Y, is less than Y, and y; is greater 
than y. 
In a similar manner, a span an infinitesimal amount 


Yi =¢ ( cosh 
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at a horizontal distance of a out on the curve. In 
other words, the catenary of this series, upon which 
is one point, can be interpolated from the infinite series. 


By choosing values of me with differences as small as is 


desired, an infinite series of catenaries, related as was 


TABLE III 


Catenary at Freezing Point 
‘Cable Under Maximum Loading Condition 


Working Formula 


’ Ae 
sinh Pi COSDeaaae a 
—— -1=h-G&+m + -1 
—— ebte : sinh —™ 
DT c2 c2 
S : . Si May 
; ‘ Pa = ie celts, — éx]) 
1 
zx 
7 : cosh 
Gr fetes PEE LS iS ga Se ee i 
op r = j - Si ¥ 
2 E, A, (1 + @ [te — fh) x pee Se 
cy cl 
1, Const. for Fi = 1.0021184 
(ER Eno a aaer ee TEP DEERE Const. for G; = 95.430708 x 10° 
] FB Ag Ts etal sl) Const. for H; = 95.410496 x 107% 
(8) mer (9) (10) (11) (12) (18) - (14) 
7% : Values from (4) 
; (Wy es Curves Plotted a3) 
= : 95.430708 x 10° from Aux. Table 
-_ Gy , ‘ : (5) X ay as 
(6) X 1.0021184 z (5) X (9) (8) — (10) —1 95.410496 x 10° ps .c@ =z + ne 
4 : Fy rad Gi Fy —G; —1 Hy i Zi 
a <LO Re 105: 
1.0004786 - 4772.8082 0 .00373960 —0.00326101 74756.188 0.042060 18623 .698 
: 1.0008121 3182 .9335 0 .00373836 —0.00292628 112059. 64 0.062641 18738 458 
S 1.0012791 2388 .3155 0 .00373662 —0.00245755 149273 .79 0.082930 18845.714 
1.0018797 1911. 8009 0.00373440 —0.00185471 186369 .32 0.103021 ~ 18929.054 
1.0026141 1594.3391 0.00373170 —0.00111762 . 223317 .26 ~ 0.122990 18985.172 
& 1.0034824 1367 . 7653 0.00372853 —0.00024613 — 260089.15 0.142894 19014 912 
q -1.0044849 ; 1197 .9974 0 .00372490 +0 .00075998 296657 .05 0.162766 19021 441 
S e 1.0056217 1066. 1010 (U5 00372082 +0.00190092 332993 .65 0.182625 19008 . 021 
— 1.0068933 960.7158 0.00371630 , +0 00317697 369072 .37 0.202486 18977 .060 
eet oM CO hmmee a aig (18) (19) (20) o 2H 2) 
x ’ | , (4) + G7) J ar) 


sinh (13) _ | (4) x (6) 
x 

| se=c2 sinh—_ 
kes Cy 


C2 


ata (14) x (15) 


Y2 


6)_ 
(18) 


| 9) x 3.1579393] 
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interpolated from an -infinite series, it can also be 
interpolated from a finite series. 

The desired results are easily obtained from the usual 
tension-sag data by carrying out on several of the cate- 


/ 
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naries the operation described, obtaining values similar 
to Y.— Ye greater than b, and others similar to Y; — y: 
less than b. These sag differences may then be plotted 
against their corresponding values of X,c, or T,,, and 
the value of X, c,, or T,,, corresponding to the catenary 
upon which b is one point, may readily be found. 
Other values, such as Y and w, may be found in a similar 
manner, or may be computed. 


METHOD OF OBTAINING MAXIMUM SAG OF CATENARY 
FROM STRAIGHT LINE BETWEEN POINTS OF SUPPORT 

The two methods just explained will give all of the 
information necessary if the line is to be strung by means 
of a tension dynamometer, or if the sag Y can be used. 
However, in stringing cables over supports on an in- 
cline, it is often more convenient to measure off the 


TABLE IV 


Catenary at Minimum Temperature 
Cable Without Ice or Wind Load 


Working Formula 


sinh es cosh —— 1 
—1 =F, —-G2 + A2 + -—1 
Z meee sinh — 
ce c3 cs 
S1 
Fy = : 
x 
cosh’ jaa 
4 Wy, Cl 1 
72 S1 
ee a sinh) ——— 
C1 Ci 
w!! Const. for Fz = 1 
i= oo ge amas! Const. for Gz = 95.450924 x 10° 
Wes Const. for Hz = 58.693021 Xx 10° 
(8) (9) (10) (11) (12) (13) (14) 
‘Values from 
(7) X Curves Plotted 
95.450924 x 10° from Aux. Table (A) 
G2 (5) X x (13) 
(6) X1 a (5) X (9) (8) — (10) -—1 58.693021 xX 109 . 
Fi ‘ G2 laity S Gy ai He s C3 
x 10% x 10° 
1.00026669 4773 .8193 0.00374039 —0.00347370 45987 .252 0.025667 30518 .282 
1.00060011 3183 .6077 0.00373915 —0.003139040 68934 .962 0.040427 29034 .945 
1.00106701 2388 . 8214 0 .00373741 —0.00267041 91827 .736 0.057157 27343 .564 
1.00166750 1912.2059 0.00373519 —0.00206769 114647 .536 0.075836 25714.569 
1.00240173 1594 .6768 0 .00373249 —0.00133076 137376 .553 0.095984 24326. 829 
1,00326987 1368 .0550 0.00372932 —0.00045945 159997 .264 0.116980 23227 .191 
1.00427213 1198.2511 0.00372569 +0 .00054644 182492 .486 0.138348 22378 . 667 
1.00540875 1066 .3269 0.00372160 +0 .00168715 204845 .425 0.159808 21721.941 
1.00668001 960.9193 0.00371708 +0 .00296293 227039 .725 0.181220 21204.001 
(15) (16) (17) (18) (19) (20) (21) (22) 
(14) + (17) 
(5) Max. T 
z (18) w3 
cosh (13) — 1 sinh (13) (14) X (16) (19) X 1.9418251 
H ‘ Z f xz S1 S1 zx 
: =cosh~ —1 sinh - (14) X (15) S3 = C3 sinh ~ w3 = w'’ c3 cosh ns (20) X (21) 
: : s Ys e : oe 3 Max. T 
0 .0003294 0.0256698 10.05 783 .398 1.0001572 1.942130 30528 .33 52290 
0.0008173 0.0404380 23.73 1174.115 1.0003279 1.942462 29058 .68 56445 
0.0016339 ; 0.0571881 44.68 1563 .727 1.0005214 1.942838 27388 .24 53211 
0.0028769 . 0.0759087 73.98 1951.960 1.0007080 1.943200 25788.55 50112 
0.0046100 0.0961314 112.15 2338 .573 1.0008642 1.943503 24438 .97 47497 
0 .0068500 0.1172470 159.10 2723 .318 1.0009853 1.943738 23386 .30 45457 
0 .0095854 0.1387900 214.51 3105 .930 1.0010755 1.943914 22593 .18 43919 
0.0127965 0.1604891 277.97 3486 .134 1.0011420 1.944043 21999 .91 42769 
0.0164654 0.1822136 349.13 3863 .657 1.0011907 1.944137 21553 .13 41902 
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vertical distances A A’ and B B’ shown in Fig. 6 and 
while sighting between points A’ B’ to allow the cable 
to sag until it is tangent to the line of sight. 

The usual method of finding the value of A A’, which 
corresponds to D D’, is to assume that the maximum 


deflection of the cable appears at a point E, which is 
also one point on the line perpendicular at A B at its 
middle point. This assumption would be correct if 
the curve were a parabola, but it is not true for the 
catenary. 

It is proved in Appendix No. 2 that the point of 
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maximum deflection of the catenary from the line be- 
tween the points of support occurs at the center of the 
span in certain cases, and so near the center in all other 
eases that a considerable degree of accuracy must be 
attained to detect the difference. Thus the value 
D’ F may be considered the true maximum deflection. 
The vertical distance, D D’, will be equal to D’ F cos 0. 


However, the value of D D’ may be computed directly 
from the data obtained by either method: Using equa- 
tion (14), the value for y, which is shown asC D’, will 


a 
be obtained by substituting ry for x. Also from the 


b 


right triangle A C D, C D= 6b’ = 2 since it is at the 


center of the span. Then DD’ =d=y-—)’. This 
TABLE V 
Auxiliary Data to Tension—Sag Tables 
x 
Values for plotting curves to find are in formula 
(23) (24) (25) (26) (23) (24) (25) (26) 
(12) X (12) X 
ap z 
cosh cosh —— 
- a x 
x sinh ~~ z Sinbis—n 
c xc ast c ai 
Assumed x = x 
Value = 1 et 1 c 
x oF 4 
: x - oT 
= From sinh From From sinh —— From 
1 Tables c (24) = (11) Tables Tables c (24 = (11) Tables 
0.041 0.0036477 0.0003867 0.0002802 0.025 0.0036794 +0 .0002057 .0001042 
0.04 0.042 0.0035609 0.0002999 0.0002940 0.026 0 .0035379 +0 .0000642 .0001127 
0.043 0.0034781 0.0002171 0.0003081 0.027 0.0034069 —0.0000668 .0001215 
0.061 0.0036764 0.0007501 0 .0006203 0.040 0 .0034477 +0 .0003086 .0002667 
0.06 0.062 0.0036171 0.0006909 0.0006408 0.041 0 .0033636 +0 .0002246 .0002802 
0.063 0.0035598 0.0006335 0.0006616 0.042 0.0032836 +0 .0001445 .0002940 
0.082 0 .0036449 0.0011874 0.0011210 0.057 0.0032238 0 .0005534 .0005416 
0.08 0.083 0.0036011 0.0011435 0.0011486 0.058 0 .0031683 0 .0004978 .0005608 
0.084 0.0035583 0.0011008 0.001.1764 0.059 0.0031146 0 .0004442 .0005803 
0.102 0.0036606 0.0018059 0.0017349 0.075 0.0030601 0 .0009924 .0009378 
0.10 0.103 0 .0036252 0.0017705 0.0017691 0.076 0.0030199 0.0009523 .0009629 
0.104 0.0035905 0.0017358 0.0018036 0.077 0.0029808 0.0009131 .0009885 
0.122 0.0036700 0.0025524 0 .0024825 0.094 0.0029272 0.0015965 .0014733 
0.12 0.123 0 .0036404 0.0025227 0.0025234 0.095 0.0028965 0.0015657 .0015048 
0.124 0.0036111 0.0024935 0.0025646 0.096 0.0028664 0.0015357 0015367 
0.142 0.0036756 0.0034295 0.0033641 0.115 0.0027887 0 .0023293 .0022056 
0.14 0.143 0.0036501 0.0034039 0.0034117 0.116 0.0027648 0 .0023053 .0022442 
0.144 0.0036249 0.0033788 0.0034596 OnLy, 0.0027413 0.0022818 .0022831 
0.161 0.0037012 0.0044612 0.0043258 0.137 0.0026725 0.0032189 .0031311 
0.16 0.162 0 .0036785 0 .0044385 0.0043797 .138 0.0026532 0.0031997 .0031770 
0.163 0.0036562 0.0044161 0.0044341 0.139 0.0026343 0.0031807 .0032233 
0.182 0.0036796 0.0055805 0.0055298 0.0025876 0.0042747 .0042188 
0.18 0.183 0.0036597 0 .0055606 0.0055909 0.0025715 0.0042587 0042721 
0.184 0.0036400 0.0055410 0 .0056522 0.0025557 0.0042429 .0043258 
0.202 0.0036792 0.0068562 0.0068146 0.0025364 0.0054993 -0054088 
0.20 0.203 0.0036613 0.0068383 0.0068823 0.0025225 0.0054854 .0054691 
0.204 0.0036436 0.0068206 0.0069504 0.0025088 0.0054717 0055298 
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value of maximum deflection is given in the column 
with the heading d in the table. 

The computations to obtain d may be simplified still 
further by the use of equation (2) instead of (14). The 
origin will then be at the lowest, or center point, of the 
equivalent catenary. This method will be evident 
from the calculations used in Appendix No. 2. 


DEMONSTRATION OF THE USE OF METHODS EXPLAINED 


The use of the methods described is illustrated by the 
solution of the following problem which arose in some 
preliminary work on the Tacoma Lake Cushman Power 
Project. 


The transmission line crossing “The Narrows’ for 
the Tacoma Cushman Power Project was originally 
planned with a main span of 6152.75 feet between two 
supports at the same elevation. On either side of this 
main span, a counter span was planned, using the same 
cable. This is shown in Fig. 7. The span A was as- 
sumed to have supports with a horizontal spacing of 
2700 feet and with a difference in elevation of 70 feet. 
Span B has supports with the same horizontal spacing, 
but with a difference of elevation of 179 feet. To 
illustrate the solution on a short steep slope, a third 
span C was assumed with its supports 1000 feet apart 
horizontally, and with a difference of elevation of 150 feet. 

This study was made on a one-inch plow steel cable 
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with a maximum breaking strength of 240,000 pounds 


per square inch. The elastic limit of the cable was 
taken at one-half of the breaking strength and this 
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again reduced 10 per cent for galvanizing, giving 108,000 
pounds per square inch as the maximum allowable 
tension on the cable. All other specifications and 
constants are given in Table I. 


TABLE VI 


Design for Supports at Unequal Elevations 
First Method 
General Data for all Spans with Supports at any Difference of Elevation 


Working Formula 
1 


x 
cosh ¢ 


COS By», = 


sin Bm = V1 — cos? Bm 


32° F. Cable Loaded 


0.0° F. Cable Only 30° F. Cable Only 


Assumed (50) (51) (50) (51) (50) (51) 

Value 1 1 1 

x 5) +1 eae : oe (ise 

: (15) +1 1 — 60% (15) +1 v1 ~ oy (15) +1 1 — (60)? 

COS Bm sin Bm COS Bm sin Bm Cos Bm sin Bm 
0.08 0.9965711 0.0827405 0.9983688 0.0570936 0.9982107. 0.0597947 
0.10 0.9947167 0.1026581 0.9971312 0.0756919 0.9968929 0.0787694 
0.12 0.9924841 0.1223736 0.9954111 0.0956909 0.9950979 0.988941 
0.14 0.9898768 0.1419294 0.9931967 0.1164484 0.9928223 0.1195991 
0.16 0.9868982 0.1613440 0.9905056 * 0.1374722 0.9900863 0.1404603 
0.18 0.9835527 0.1806215 0.9873652 0.1584609 0.9869134 0.1612514 
0.20 0.9798442 0.1997633 0.9838015 0.1792612 0.9833263 0.1818498 
60° F. Cable Only 110° F. Cable Only 
(50) (51) (50) (51) 
1 1 
(15) +1 #1 = "aby — (50)? (15), + 1 v1 — G0)? — (50)? 
cos Bm sin Bm COS Bm sin Bm 

0.08 0.9980358 0 .0626458 0.9977039 0.0677264 
0.10 0.9966369 0.0819441 0.9961723 0.0874115 
0.12 0.9947699 0.1021407 0.9941927 0.1076147 
0.14 0 .9924375 - 0.1227509 0.9917738 0.1280031 
0.16 0.9896589 0.1434409 0.9889321 0..1483686 
0.18 0.9864559. 0. 1640267 0.9856836 0.1686057 
0.20 0.9828473 0.1844215 0.9820431 0.1886568 
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All the data are recorded on forms, with the working performed in each column clearly indicated at the head 
formulas and constants given, and with the Operation of the column. These may be used as forms for the 
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WITH Supports AT UNEQUAL ELEVATIONS _ FERENCES IN ELEVATION oF SuppoRTS—Span LENGTH 2700 Fr. 
TABLE VII 
Design for Supports at Unequal Elevations 
First Method 
Working Formula 
i eg a [ ey eee Bar ee | 
= eos he, cos ee sin 8m sinh Fe as 1 
a = 2700 ft. 
6 =179 ft. 
(52) (53) (54) (55) (56) (57) 
(53) — (55) -—1 
2700 a 
Assumed (4) cosh——— — 
Value cosh (52) sinh (52) (51) X (54) c 
x a a a a a 
Temp. and x . cosh sinh sin Bm sinh ~~ sin Bm sinh—— — 1 (56) X (21) 
Load Conditions } S — b’ 
0.10 0.142638 1.0101900 0.1431222 0.0146926 0 .0045026 85.683 
32 deg. fahr. 0.12 0.142216 1.0101298 0.1426959 0.0174622 0.0073324 140. 262 
Cable Loaded 0.14 0.141994 1.0100981 0.1424716 0.0202209 0.0101228 194.453 
0.16 0.141945 1.0100911 0.1424221 0.0228799 0.0128878 248.399 
0.12 0.110988 1.0061655 0.1112160 0.0106424 0.0044769 109.410 
0.0 deg. fahr. 0.14 0.116243 1.0067639 0.1165050 0.0135668 0 .0068029 159.096 
Cable Only 0.16 0.120651 1.0072872 0.1209439 0.0166264 0.0093393 211.003 
0.18 0.124298 1.0077349 0.1246183 0.0197471 0.0120122 264.266 
0.12 0.114728 1.0065885 0.1149799 0.0113708 0.0047823 113.101 
30 deg. fahr. 0.14 0.119417 1.0071387 0.1197010 0.0143161 0.0071774 163 .454 
Cable Only 0.16 0.123308 1.0076121 0.1236207 0.0173638 0.0097517 215.665 
0.18 0.126525 1.0080150 0.1268629 0.0204568 0.0124418 269 .025 
0.12 0.118521 1.0070318 0.1187987 0.0121342 0.0051023 116.846 
60 deg. fahr. 0.14 0.122596 1.0075243 0.1229033 0.0150865 0.0075622 167.816 
Cable Only 0.16 0.125961 1.0079436 0 .1262943 0.0181158 0.0101722 220.322 
0.18 0.128743 1.0082988 0.1290990 0.0211757 0.0128769 273.762 
0.12 0.124921 1.0078028 0.1252462 0.0134783 0.0056655 123.168 
110 deg. fahr. 0.14 0.127898 1.0081901 0.1282470 0.0164160 0.0082259 175.093 
Cable Only 0.16 0.130352 1.0085079 0.1307215 0.0193950 0.0108871 228.030 
0.18 0.132405 1.0087784 0.1327922 0.0223895 0.0136111 281.589 
a 


x c Tn Yi Dp w 
32° Cable Loaded 2608.8 19009 60587 179.2 48.10 3.1575215 
0.0° Cable Only 2868.0 22863 44795 179.1* 40.21 1.9438121 
30° Cable Only 2834.5 22368 43830 179 .4* 41.06 1.9435410 
60° Cable Only 2800.0 21880 - 42875 179 .3* 41.84 1.9432702 
110° Cable Only 2745.0 21078 41297 179 .2* 43.31 1.9428130 


*These values of Y lie on the equivalent catenary beyond the point of the lower support. 
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solution of any span problem by supplying the proper tions for a range of various span lengths and with 
constants and performing the indicated operations. several different temperature and loading conditions. 
Tables II to V show the usual tension-sag computa- These employ the previously mentioned Kirsten method 


TABLE VIII 
Design for Supports at Unequal Elevation 
Second Method 


Working Formulas 
fiotl i) (hE G 


x! 
4 ¢c (cost = 1) 
c 


& 
Ml 


a = 2700 ft. 
b = 179 ft. 
(50) (51) (52) (53) 54) (55) 
(50) 
Assumed (51) 
Value cosh (52) (50) [(53) — 1] 
x From iy x! ie 
Temp. and és Col. (14) 2700 — (4) ‘3 cosh : y’ ~c( cosn~-1) (17) — (54) 
Load Conditions = € zw’ =at+ xX Y -y’ 
0.10 18929 .054 749 .90991 0.0396169 1.0007849 14.857 85.683 
32 deg. fahr. 0.12 18985.172 365 .01368 0.0192262 1.0001849 3.510 140.260 
Cable Loaded 0.14 19014.912 — 17.11687 0.0009002 1.0000005 0.009 194.451 
0.16 19021.441 —396 .04389 0.0208209 1.0002168 4.123 248.397 
0.12 24326. 829 365 .01368 0.0150046 1.00011257 2.738 109.409 
0.0 deg. fahr 0.14 23227 .192 — 17.11687 0.0007369 1.0000004 0.008 159.097 
Cable Only 0.16 22378 . 667 —396 .04389 0.0176974 1.0001566 3.505 211.003 
0.18 21721 .941 —771.33990 0.0355097 1.0006305 13.696 264.270 
0.12 23533 . 898 365 .01368 0.0155101 1.0001203 2.831 113.101 
30 deg. fahr. 0.14 22609. 856 — 17.11687 0.0007571 1 .0000004 0.009 163.451 
Cable Only 0.16 21896 .417 —396 .04389 0.0180872 1.0001636 3.582 215.666 
0.18 21339 .636 —771.33990 0.0361459 1.0006534 13.942 269 .025 
0.12 22780.799 365 .01368 0.0160229 1.0001284 2.924 116.487 
60 deg. fahr. 0.14 22023 .594 — 17.11687 0.0007772 1.0000004 0.008 167.814 
Cable Only 0.16 21485 .255 —396.04389 0.0184763 1.0001707 3.659 220.321 
0.18 20972 .076 —771.33990 0.0367794 1.0006765 14.187 E 273.761 
0.12 21613 .639 365 .01368 0.0168881 1.0001426 3.083 123.168 
110 deg. fahr. 0.14 21110.543 — 17.11687 0.0008108 1.0000004 0.008 175.093 
Cable Only 0.16 20713 .203 —396.04389 0.0191204 1.0001828 3.787 228.030 
0.18 20391 .937 —771.33990 0.0378257 1.0007155 14.591 281.589 
Values desired, taken from curves plotted with b’ and X, c, Tm, Y, w 
».¢ c Tm ¥ p w 
32° Cable Loaded 2607.8 19009 60591 179.1 48.10 3.1575219 
0.0° Cable Only 2863.2 22860 44800 179 .0* 40.21 1.9438132 
30° Cable Only 2829.7 d 22373 43818 179.5* 41.06 1.9435425 
60° Cable Only 2800.0 21882 42871 179.4* 41.84 1.9432700 
110° Cable Only 27450 21078 41298 179.1* 43.31 1.9428123 
*These values of Y lie on the equivalent catenary beyond the point of the lower support. 
TABLE IX 
Tabulated Data for Various Types of Spans with Supports on an Incline 
Temp. and Load 
Span Condition X ft. c Dn Ab: etc. p ft. w Ib. 
32° Cable Loaded 1839.8 18910 . 59987 90.0 48 .23 3.157636 
Span A 0.0° Cable Only 2012.0 25477 49626 79.3 35.89 1.943252 
a = 2700 ft. 30° Cable Only 1985.5 24586 47917 80.5 37.00 1.943074 
b= 70ft 60° Cable Only 1965.0 23703 46220 81.5: 38.52 1.942875 
110° Cable Only 1928.0 22295 43473 83.5 40.92 1.942566 
32° Cable Loaded 2608.8 19009 60587 179.2 48.10 3.157521 
Span B 0.0° Cable Only 2868.0 22863 44795 179.1* 40.21 1.943812 
a = 2700 ft. 30° Cable Only 2834.5 22368 43830 179.4* 41.06 1.943541 
6 = 179ft 60° Cable Only 2800.0 21880 42875 179 .3* 41.84 ~ 1.943270 
110° Cable Only 2745.0 41297 1.942813 
. 32° Cable Loaded 3341.9 19016 60969 294 .3* 6.67 3.157449 
Span C 0.0° Cable Only 3696.0 21403 42230 320.6* 5.85 1.944102 
a = 1000 ft. 30° Cable Only 3654.3 21115 41660 317 .5* 5.97 1.943784 
b= 150 ft. 60° Cable Only 3611.2 20826 . 41086 314.2* 6.05 1.943466 
110° Cable Only 3539.8 20341 40122 308 .9* 6.22 1.942983 


*These values of Y lie on the equivalent catenary beyond the point of lower support. 
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as it was later revised. Fig. 8 shows a complete set of 
tension-sag curves for various lengths of spans. 

Tables VI and VII show the computations for span 
B obtained by using the first method described, while 
Table VIII-shows the application of the second method 
to the same span. An inspection of the results ob- 
tained by the two methods shows no appreciable 
difference. The second method illustrated by Table 
VIII should be the more accurate since it depends upon 
fewer values interpolated from hyperbolic tables. 

Table [X gives the data for all three spans in tabu- 
lated form, while Fig. 9 shows the temperature-tension 
and temperature-sag curves plotted from the data 
given. It might be noted that considerable more data 
were computed than would usually be required in a 
design problem. 

Charts with curves showing data for a wide range of 
conditions may be made with a small amount of addi- 
tional computations. Thus, Fig. 10 shows a set of 
tension curves for spans 2700 feet in length but with 
various differences in elevation of supports. Curves 
covering a range of differences in elevation of supports 
several times that shown in Fig. 9 may be interpolated 
from the data shown in Table VIII without further 
computations. 

Other useful charts might show tension or deflection 
values for a range of span lengths, with each curve 
representing a single difference in elevation of supports 
as well as a definite temperature condition. Such a 
chart would require computations similar to Table VIII 
for four or five different span lengths. With this 
_ amount of data, a series of charts could be made which 
would cover all of the varying conditions of practically 
any line. 

Since the method of design presented here requires 
the computations for the usual tension-sag data, it is 
somewhat longer than most methods given. However, 
in the usual design of a transmission line the tension- 
sag data for the various symmetrical spans are always 
required. ‘Thus the computations for the spans with 
supports on an incline require little additional labor, 
while in the design of very long spans the additional 
labor required is more than compensated for by the 
complete, definite, and accurate results obtainable. 


Appendix No. 1 
The conditions for the derivation of the formulas, 
with their origin at the upper support, may be obtained 
from Fig. 3. 
Let S = total length of the cable between A and B: 
Then the total weight of the cable suspended is 


wS = Tn sin Bm + T, sin By (4) 
The horizontal tension must be the same at each end 
[COS B= Lt COS: BO, (5) 


where ¢ is the length of cable whose weight is equal to 
the horizontal tension. From the above 


8 Cc Ww 
cos = 
m ie 


==) CL, = sin? Bm)” (6) 
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Other useful relations may be derived from the enlarged 
sketch. Thus, horizontal tensions are equal throughout 
the span; 


Tm COS Bm = T cos (a +d a) (7) 
Vertical tensions may be expressed thus: 
Tm SiN Bm — Tsin(a+da)=ws (8) 
With ds at its smallest limit 
dx ; dy 
cos (a +da) = dag and sin (a +da) = ae aint (9) 
From the triangle relation of forces 
2=[Tsn(at+tda)P?+ [Tcos(a+da) | (10) 


Extracting sq. root and substituting (7), (8), and (9) 
in (10): 


dx TACOS Ba . 
ds [ Tn? — 2 ws.Tm COS Bm + w? s? 1% (11) 
From (5) 
cw 3 
COs Ben => T = [ 1 = sin? [She Nee (12) 
ew = T,2 — T° sin? 6 (13) 


Substituting (12) and (13) in (11), 
cwds 
ie ard 2w s (Te i Cc w) Ya — w? 3 |7 


Let T,. = Kw 


dz= 


Cus 
[ kK? — 2s (K? — c?)” + §? |” 


dy= 


ai cds 
ped [K? — 2s (K?— c?)” + s?]” 


ie s— (K? — &)% + (K?— 2s [K?— &]4% + s)* 
& K— (R= @)# 
J is C 


But K = = an 
w COS By, 


ey ee 1. = tans 


Substituting and taking log 


c 


x 


€ == 
$ COS Bm—C SIN Bm + (C2—2 $ C SIN Bm COS Bm—S? COS? Bm)” 
c— csinB, 
Squaring and collecting terms 
Ss — 


e ae 
€* a €e* 


e[ tan Bm— tan Bal 5) ) +sec mle 


Ss = 


. ONE 
Gos Be [ sin Bm — Sin Bm cosh ; + sinh ‘ | 


s 


pO ae Aes aes | 
Hones [ sinh Sea sin By ( cosh ; 1) (14) 


This is the general equation for the actual length: of 
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cable between one support and any point on the cate- 
nary «x distance from support. 8, is the angle between 
the tangent to the wire at the point of support and the 
horizontal, the value of which may be found by the 
relationship given in (12). . 

In a manner similar to that above, the equations for 
the sag — y or tension 7' for any point on the catenary 
at x distance out may be derived as follows: 


Tm» SIN Bm — WS 


= [(Pm Sin Bm — W 8)? + (Tm COS Br] 


dy 
ds 
dy sibs sin Bm — Ws 
ds [T,2-2 ws Tm sin Bnt+w? s?|”4 é 


And from (5) 
dy 
ae [ ab — 2cw* stan Bn + ws*| 
COS? B;, 


cw tan Bm — SW 


s— ctan B,, 


dy 4 2 W% ds 


[ ee 20 stan Ge +3 | 
COS? Bm 


sds 


~2estang, +s | 


Ma 


ae if [ C2 
0 
COS? Bm 


5 


—/eetan Bin if [ 2 


ds 
~2es tans, + s| 


oz) 


0 


COS? Bn 


, 
u% 


Ca Cc 
= Ss 2 = 
7] [ Pome 2sctanB, +8 | 


COS Bm 
But the value of s is given by equation (14). 
Substituting and simplifying, 
Cc x a : x 
Leta Bn [ cosh ~ — SiN Bm sinh Pe 1 | (15) 


Again substituting (7) and (8) in (10), 
P=) 7S 6,.— 0 8 + | tn COS By )* 
T? = TT, — 27, sin By Ws + w? s? 
Substituting values from (12) and (14), 


¢ : PE 
T= [ cosh eee Bm sinh =| (16) 


COS Bm 


Appendix No. 2 

An investigation to find the position on the catenary 
of the point which has a maximum deflection from the 
straight line between the points of support of the cate- 
nary shows some interesting results. 

Referring to Fig. 6, the catenary A D’B will have a 
maximum deflection from line A B at some point near 
the middle of the span. At the point of maximum 
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deflection, the tangent line will have the same slope as 


A B, which is — -. The method to be used in finding 
the position of the point of maximum deflection will 
be to assume that the tangent at the middle point, D, 
has the same slope as line A B, and to computefthe 
error found in making this assumption. 

With the origin of the catenary at 0, the value of 
vertical deflection from point 0 is given by equation (2) 


x 
y = c cosh ea 


The slope of the tangent at any point on the cable is the 
first derivative of the foregoing equation, or 
dy 


: x 
= sn ars 
ro 


re (19) 


If x is the value at which the cable has a maximum de- 
flection from line A B, then 


° 
g 


IN TERMS OF X 


° 
2 
@ 


0.02 


0.01 


DIFFERENCE IN SLOPES OF AB AND AB’ 


O4, J06) (O08 a0) N25 9147 oie 
K= RATIO OF A TO X 


Fig. 11—Curve SHowinG THE DIFFERENCE IN SLOPE OF 
THE CATENARY AT THE CENTER OF THE SPAN, AND THE SLOPE 
OF THE LINE BETWEEN PoINts OF SUPPORT 


b abe ym 
sinh ——~ = — —— = — ( yh ) (20) 
a a 
But from (2) 
»,« 
Y = €cosn = —¢ 
c 
and 
Xe a— X 
yi = € cosh —(— — ¢ = ¢ cosh —c 
Substituting these values in (20) 
ee pe <C Xx c a— 
sinh Meacr cosh + q con (21) 


The hyperbolic function may be expressed as a series. 
Thus if the first two terms for the sinh and the first 
three for the cosh are substituted, in (21), the error will 
be very small, since the next term in the series is of the 
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a ai . 


a 
fifth power, and the ratio of a is never greater than 14. 


5 


i 
Then ~~~ will be of the order .000034 +. 


; cf /5 
Evaluating equation (21) thus, 
38 x? xX (a—X) (a X)s 
+60 ~~ 2ac Mac 2a 2440 
or ) 
3: 2 
e4+62e=3ae— 6X4 ZU Xt 65 —A? (22) 


If x; is substituted for x in (22), the portion before the 
equality sign will be the slope of the tangent at the 
middle of span a. 
Thus from Fig. 6, 


(eens, 
Substituting and simplifying, but keeping all terms 


TABLE X 


K Ratio of ato X 
a = ex 


Difference in slopes of 
lines A Band A‘ B’ 


nal = In terms of X 


ee 


CURAHMOHNHAUDNDO 
-oooooooooosc sd: 
: aes 

© 

> 

oo 


beet | 


: belonging to each value of slope on its side of the 
inequality sign, we have only the terms which do not 
cancel out. : 
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A’B’. Since the term on the left is the smaller, 
the desired point on the catenary must be a little nearer 
the higher support. 


Evaluating (23) with a given in terms of X, the 


_ difference in slopes, also given in terms of X, may be 


found for any assumed value of a. The results are 
shown in Table X and the corresponding curve in Fig. 
11. Thus (23) is an equality if a is equal to 2 X or to 
zero. The point at which the difference is S greatest 


occurs when a = 1.5 X appx. 
TABLE XI 
a 1.56 X 
To satisfy % error in 
equation 24 terms of 
.333 1 3 —0.2525 0.17 
S200) ay 4 —0.2515 0.10 
5 —0.2509 0,06 


. 200 A 


To determine just how far from the center of the span 
the desired point on the catenary lies, values of c and a, 
both expressed in terms of X, may be substituted in 
(22). Then a value of x which will satisfy the equation — 
may be found by inspection. Thus to find the greatest 
possible variation, let a = 1.5 X. Then 


o+6e2 = —15X c— 0.1563 X! (24) 


Ab 3 
The ratio of > is a variable for different spans and 


increases in value as the tension is decreased or as the 


weight of the cable is increased, other conditions 


remaining constant. However, the value of the ratio 


. will probably never be found as high as 14, and in all 


practical design problems will range between 14 and ! if Fe 


Assuming X = 1, and c = 4, equation (24) will be 


TABLE XIT 


| Ratio | 
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when a = ly, the true point of maximum deflection 
lies 0.0015 X from the center point of the span. This 
is an error of 0.1 per cent when considered in terms of a. 

Since the values of deflection are nearly equal for a 
considerable distance on either side of this maximum 
point, the per cent of error caused by assuming the 
maximum deflection at the center point is:still smaller. 

Table XI gives the distances of the true maximum 
points from the center of the span, as well as the per 
cent of error for a = 1.5, and for three assumed ratios 


z 
Oba. 

c 

Table XII gives the deflection of the catenary from 
the straight line between supports, as computed from 
the data given in Table IX. In each case three points 
on the catenary were selected, one at the center of the 
span, and one five feet on either side of the center. In 
almost every case these data clearly indicate the same 
facts proved by the foregoing discussion. 


Discussion 


F. K. Kirsten: I wish to congratulate Mr. Smith on his 
courage in using the catenary equations for the analysis of spans 
supported from points at unequal elevations, and I would also 
like to make some supplementary comments. 

We know that the more closely we wish to deseribe a physical 
phenomenon by means of mathematical formulas, the more 
involved and unwieldy these formulas become. As an illustra- 
tion, we might use the simple equation of a cirele to express the 
location in space of a suspended cable, and describe actual 
conditions with sufficient accuracy although the assumptions 
involve considerable error. By a closer analysis of the forces in 
action we find, however, that the parabola describes actual 
conditions better than the circle and hence the application of 
the parabola yields greater accuracy, although the mathematical 
operations are more involved. But still a considerable error is 
made in the assumption that the weight per unit projected 
length of the span is uniform along the span. The demand for 
greater accuracy forces us to base our mathematical formulas 
upon the assumption that the weight per unit length of span, 
measured along the span, is constant. This assumption leads us 
to the catenary, a rather involved mathematical stratagem. 
This mathematical form is rather difficult to handle, especially if 
temperature changes accompanied by stress changes must be 
covered by its use. And still the catenary equation does not 
deseribe conditions with absolute accuracy. Since the tension 
changes along the span, the weight per unit length of cable 
eannot be uniform. But an attempt to involve this actual 
condition in the modification of the catenary form would lead to 
unmanageable expressions. 


It will be apparent from a perusal of Mr. Smith’s work that the 
chief difficulty in applying the catenary equation to spans of 
unequal elevations resides in the introduction of the slope of the 
suspension points into equations which are already complex 
enough for ready manipulation. Especially do we feel a 
naturally increasing reluctance to use the catenary analysis if 
changes of wind and ice loading together with temperature 
variations over a considerable range must be accounted for by 
proper mathematical operations with the catenary form. It is, 
therefore, in my opinion, a step in the right direction to adhere 
to the simple catenary forms which Mr. Smith ingeniously 
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introduces into his second method instead of using the first 
method supported by equations 12, 14, and 15. 

We now have, thanks to Mr. Smith’s work, a simple catenary 
analysis of spans of unequal elevation, and there cannot be any 
excuse for the use of parabolic forms in the future. It must be 
remembered that the catenary method is independent of 
fixed mass and space units; hence all span conditions which may 
occur in practise may be expressed by a series of curves from 
which by interpolation any span, at any slope, for any size or 
material of cable or any temperature range, may be read at 
once. This set of curves is as readily applied, without modifica- 
tions by constants, in continental Europe where the metric 
system is used, as in the lands of inches, pounds and quarts. 


Another important finding in Mr. Smith’s paper, I believe, is the 
discovery that the point of maximum deviation from a straight 
line connecting any two points of unequal elevation of the cable 
in suspension occurs midway between the points of support in 
the middle of the span. This naturally facilitates a cheek upon 
the strain of a cable from points of unequal elevation by dropping 
targets from point By» to point A, of predetermined length, the 
line of vision touching the point of maximum deflection from the 
line joining these two points. 

R. J. C. Wood: Our engineering department has done 
a good deal of work in calculating sags and we went into this 
question of catenary versus parabola quite fully and find that up 
to about a 1000-ft. span, the parabola is practically a satis- 
factory curve to use. It must be remembered that after the 
mathematician has figured out the sag of the line, some fellow in 
overalls is going to pull that line up as near as he can to either 
the predetermined sag or tension. 


We have been a little undecided as to whether to use the sag or 
the tension in the line as the criterion. At one time we have 
used one and at another time the other. We have finally 
decided to use a dynamometer to measure the tension in the new 
line. The maximum tension under worst conditions will be 
about 12,000 Ib. and under ordinary stringing conditions may be 
6000 or 7000 lb. The dynamometer will probably read within 
200 lb. so that any extreme refinement of calculation as to the 
desired tension is not necessary. 


I do not wish to detract in any way from the fine work of 
mathematicians who calculate these things because, while we may 
be able to use the laws of a parabola up to a certain point, yet we 
depend upon the mathematician to tell us where that point is and 
from where on we should use the more accurate formula. We 
have ourselves used the catenary formula in all long-span work. 


Our spans run up to about 3000 ft. and for that length of span 
the catenary is necessary. We have had to go a little further 
than indicated in Mr. Smith’s paper, because we have found it 
quite necessary to calculate clearances to ground under wind 
conditions. In building the line on a hillside it is not only 
necessary to know the vertical clearance in still air, but it is 
quite essential to know that the line will not blow onto the 
ground when the wind is crosswise, so we have to calculate those 
conditions of load applied sideways. 


lt leads to some very interesting mathematics when there are, 
for instance, two spans which are dead-ended at the outer ends 
and hanging on a string of suspension insulators at the middle 
support, and the wind blows sideways, because the two spans 
then no longer remain in a plane but become a warped figure 
and the catenary calculations become quite involved. 


C. E. Magnusson: Reference to the parabola by Mr. Wood 
leads me to bring out a point on the use of hyperbolic functions. 
Many engineers seem to think that using hyperbolic functions in 
connection with engineering problems is throwing out a smoke 
screen to prevent the reader from following the argument. They 
do not appreciate that for certain types of problems hyperbolic 
functions become a very convenient means for obtaining accurate 
solutions. A few years ago while discussing a problem with a 
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nationally prominent engineer, one who has presented many 
papers before the Institute, I suggested that for an accurate solu- 
tion hyperbolic functions should be used, and was astounded to 
find that he had no idea as to what type of problems would 
require hyperbolic functions. As there may be others in the same 
predicament let me state that the basis for using circular or 
hyperbolic functions is simply this: A rotating vector of constant 
magnitude can be fully represented by circular functions, but if 
the radius vector varies in length while changing in phase 
position hyperbolic functions fit the case. For example, the 
voltage and current functions along a transmission line vary in 
magnitude as well as in time-phase position and hence require 
hyperbolic functions as they cannot be correctly expressed by 
circular functions. 

R. W. Sorensen: I want to second the motion on hyper- 
bolic functions. Dr. Kennelly of Harvard has been trying for 
years to get us to use them. I have been trying for about fifteen 
years to get engineering classes to use them, and they use them 
just as readily as they use trigonometric functions if you once 
start them off. 

L. J. Corbett: The paper given by Mr. Kirsten? a number of 
years ago is, I think, a classic in its field of the application of 
hyperbolic functions to catenaries and long spans: I think Mr. 
Smith’s paper is a very creditable companion paper to that one. 

I like particularly Fig. 4 in which the common point A is used 
as a basis instead of the usual method, although I have not had 
time to check it and see whether there are particular advantages 
to be gained over the old method of calculating sag from the 
inclined line between A-and B. 

Mr. Smith, in his discussion, brought up also a point in which 
we were very much interested in the re-insulation of the Car- 
quinez crossing of the Pacific Gas & Electric Company, and that 
is the difference in expansion between a long span and a con- 
tiguous short span. If you can, visualize that crossing. On the 
south side the anchors are an average of probably 80 ft. from what 
is called South Tower. Then comes the long span of 4427 
ft., then a span of 1350 ft., and then a final span of 335 ft. to the 
other set of anchors. On the high tower between the 4427-ft. 
span and the 1350-ft. span, was placed a saddle with a sliding top. 
This was to allow for a difference in expansion between the two 
spans and to insure a vertical reaction on the tower. We cal- 
culated by a number of methods, but chiefly we went back to the 
original hyperbolic functions, and we thought that, taking all 
things into consideration, we might expect a possible travel of 
5 in. We allowed for a travel of somewhat more than that, 
8 in. being the final figure allowed, 4 in..in each direction. 

The saddle was placed on roller bearings which were immersed 
in grease so as to offer the very freest possible travel for the 
cable. The operating department tells me that in the past year, 
according to the marks on the saddle, there has been a travel of 
only 1 in. so it is questionable how successful our calculations 
were. -There is still room for improvement in our methods of 
calculation for long and important spans. 

M. T. Crawford: 1 find Mr. Smith’s paper very interesting 
in that he has gone into unequal supports, something which seems 
to have been more or less avoided in considerations of span 
problems. I would ask if he could suggest a method of approach 
toward the solution of a problem that we have. At one previous 
Pacific Coast Convention, a paper? was presented describing 
transmission-line construction in crossing Stampede Pass in the 
Caseade Range, where the loading conditions were very extreme 

1. TRANS: A. THES, 1917, p. 735. 


2. Transmission-Line’ Construction in Crossing Mountain Ranges, by 
M. T. Crawford, A. I. E. E. TrRaNsActIons, 1923, page 970. : 
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at certains times of the winter, and where it was found advisable 
on account of the unequal loading which would come alternately 
on successive spans to change all dead-ends to a suspension form 
of conductor support, doubling up the insulator springs with 
yoked attachment at the suspension point. 

The changes described in the previous’ paper have proved 
eminently successful in eliminating the operating troubles we had 
of jerking insulator strings in two. In trying to calculate the 
sags which would result from unequal loading in successive 
spans, we found a complication came into the matter where an 
entirely suspension form of construction was used, and where 
the towers were at different elevations, in that heavier loading in 
one span would pull the suspension strings out of the vertical 
position. This would make a change in the length of conductor 
in the span, location of points of support, and other factors, 
which are assumed constant in most of the ordinary methods of 
approaching the subject. 

We worked it out fairly closely by making assumptions and 
trials, but found that the extreme condition which we might 
assume would occur when the insulator string was pulled out to a 
position approximately tangent to the catenary. This would 
result in the wire being down in the snow in winter con- 
ditions, but we have never found in practise that it went that 
far, because there was always some tension in the adjoining 
spans which would prevent the strings from pulling that far out. 

I would like to have Mr. Smith add some discussion or sug- 
gestions as to how we might approach the problem of calculating 
the result of extremely unequal loading in the successive spans 
where the suspension form of construction is used. 


G. 8. Smith: I would like to thank Mr. Wood for mention- 
ing a point I did not have time to bring up in the presentation 
and perhaps did not make clear in the paper, that is, that the 
method presented was intended primarily for long spans or 
special problems. It would usually prove too laborious for a 
single short span. However, where the Kirsten method is 
applied to the various symmetrical spans encountered in the usual 
line, it requires only a small amount of additional work to com- 
pute, by the method presented here, the remaining spans whose 
supports are not at the same elevation, since the cable used is 
commonly uniform throughout. 

In discussions by Dr. Magnusson, Professors Kirsten and 
Sorensen, a more general use of hyperbolic functions was ad- 
vocated. My experience has been somewhat similar to the 
instances mentioned. While most of us are more or less reluc- 


‘tant to use hyperbolic functions freely, I believe it is largely be- 


cause of two reasons: first, we have never become accustomed to 
thinking in terms of such functions, and second, in attempting to 
use them we find it difficult because so few good tables of hyper- 
bolic functions are available. In some previous work in con- 
nection. with transmission-line design, I found it necessary to 
compute sufficient tables for this particular use. These tables 
will be found in one of the University of Washington Experiment 
Station bulletins referred to in the paper. 


Messrs. Corbett and Crawford pointed out some very inter- 
esting problems in this same connection, problems which might 
be termed those of “‘variable spans.” <A similar problem was 
encountered in the design of ‘‘The Narrows” span of the Tacoma 
Lake Cushman Project mentioned in this paper. It was in an 
attempt to apply the Kirsten method to such problems that. I 
found it desirable to first work out the problem of spans with 
supports at unequal elevations. Thus far I have found no direct 
method of attacking such problems, but the possibility of finding 
such a method seems entirely feasible. 


The Long Span Across The Narrows at Tacoma 


BY J. V. GONGWER! 


Non-Member 


HE double transmission lines now being built by 
T the City of Tacoma, as part of its new Cushman 

Power Development, connecting Power House 
No. 1 and No. 2 (future) with the Cushman 
Substation in Tacoma, reaches 44 mi. from the North 
Fork of the Skokomish River in the foot hills of the 
Olympic Mountains around Hood Canal, across North 
and Henderson Bays, and over The Narrowsto Tacoma. 

The crossings at North and Henderson Bays are over 
shallow water, permitting of the installation of off shore 
towers, thereby materially reducing the length of spans 
that would otherwise have been necessary at these two 
crossings. Plans and profiles of the crossings at North 
and Henderson Bays showing the length of spans 
and the general features of the design are demonstrated 
herein. 

Over The Narrows is being constructed what is 
believed to be the longest aerial span in the world, for 
the purpose of the transmission of electrical energy. 
The Narrows is a channel approximately 4800 ft. wide 
from shore to shore, 40 fathoms deep at the point of 
greatest depth, with a bottom strewn with large rocks. 
The entire tide run of lower Puget Sound must pass 
through this restricted channel, the current attaining a 
velocity of approximately 10 mi. per hour. 

The use of submarine cable was never seriously con- 
sidered for the crossing of The Narrows because of the 
danger of injury to cable by abrasion over the rocky 
bottom in the current of the ever changing tide, and 
further, because it would have been necessary to locate 
a step-down transformer station on the west side of 
The Narrows to reduce the line voltage from 110 kv. 
to a voltage at which submarine transmission can 
reasonably be expected to offer dependable service, at 
present probably not in excess of 50 kv. Both the initial 
and operating costs for the submarine crossing would 
be considerably in excess of those items for an aerial 
span. 

An all-land line, avoiding the crossing of The 
Narrows, would, of necessity, have skirted the radial 
waterways of lower Puget Sound by way of Shelton and 
Olympia, a distance of 64 mi., 20 mi. longer than by the 
line of way of The Narrows, and through a district 
where a transmission line right-of-way would have been 
considerably more costly. 

The natural conditions at The Narrows are very 
favorable for an aerial span, there being a high bluff 
on both sides of good bearing soil on’ which to locate 
supporting towers and cable anchorages, although 
the high ground is well back from the water’s edge, 

1. Both-of the Cushman Power Project, Tacoma, Wash. 
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and 


requiring a single span of 6241 ft. 6 in. in order to take 
advantage of the tower sites. 


CHOICE OF CONDUCTOR 


The strength, size, and electrical characteristics of the 
conductor used are, to a large degree, the determining 
factors in the supporting tower and anchor design and 
considerable study was given to its choice. 

Three general types of conductor cables were consid- 
ered, viz: all steel, steel core with an aluminum en- 
velope, and steel core with a copper envelope. Two 
circuits were to be built across The Narrows to operate 
at 110 kv., with grounded neutral, each circuit to be of 
sufficient capacity to carry 300 amperes under normal 
conditions and 600 amperes in the event that one cireuit 
might be out of service and the entire load thrown on the 
other. The Narrows being a navigable body of water, 
the War Department required that a conductor clear- 
ance of 200 ft. above high tide be maintained. The 
Washington state laws governing electrical construction 
specify that transmission lines shall be designed to 
withstand a wind load of 8 lb. per sq. ft. on the pro- 
jected diameter of the conductor when incased with 
V4 in. of ice, at a temperature of zero deg. fahr., and un- 
der these conditions shall have a factor of safety on the 
ultimate strength of the conductor of not less than two. 

The inherent objection to a steel cable as a conductor: 
arises because of the high electrical losses and the re- 
sultant heating in the cable which seriously impairs its 
strength if the temperature of the conductor is per- 
mitted to exceed the temperature at which the anneal- 
ing of high strength steel begins. This temperature 
is quite generally agreed upon. by steel cable manu- 
facturers as being approximately 400 deg. fahr. if that 
temperature is maintained for long periods of time. 

Concentric cable has the advantage of having more 
cross sectional area of material for a given diameter 
than any other form of stranding, thus presenting less 
diameter to the wind and offering less surface for the 
formation of ice for a given strength of cable. The 
electrical losses of such a cable may be minimized by 
reducing the size of the individual strands to the least 
practical diameter and reversing the direction of the 
spiraling of the successive layers. 

Tests to determine the losses and heating were con- 
ducted on two samples of cable, each one inch in di- 
ameter and composed of 37 strands of galvanized steel 
having an ultimate strength of 195,000 lb. per sq. in., 
as a cable, after the galvanizing and stranding opera- 
tions. One sample had all strands spiraled in the same 
direction, and the other had the successive layers 
spiraled in the opposite direction. These tests indi- 
cated that at 300 amperes, the normal full load of each 
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transmission line, the electrical losses in the cable hav- 
ing the reverse lay were only 60 per cent of the losses of 
the uniformly spiraled cable. Thermometer readings 
of the surface temperature indicated that even with the 
reverse lay cable to carry 600 amperes of current in one 
transmission circuit, using steel cable of the required 
strength, a diameter of at least 114 in. would be required 
to insure that the annealing temperature would not be 
dangerously exceeded. 
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Fie. 1—Gernerat DIAGRAM OF CROSSING 
A 1'4in., 35-strand, specially constructed, concentric, 
reverse lay steel cable having an ultimate strength of 
180,000 lb. after galvanizing and stranding was chosen 
as offering the greatest economy in the first cost of the 
complete aerial crossing and its subsequent operation. 


CIRCUIT ARRANGEMENT 


The general design of the crossing is shown in Figs. 1 
and 2. The conductors are arranged in a horizontal 
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Jumper cables of copper attach to the steel conduct- 
ors of the long span on the water side of the main towers 
and are carried through and around the latter back to 
switching towers near the main cable anchors. Dis- 
connecting switches are provided here to isolate either 
crossing circuit and to multiple the transmission lines 
through one crossing circuit, or if necessary any three of 
the six conductors crossing The Narrows may be se- 
lected for a circuit and tied in with both transmission 
lines. 


GENERAL STRUCTURAL DESIGN 
To reduce maintenance cost, and to attain the utmost 


» dependability in service, simplicity of design was sought 


in all features. 

Investigations were conducted over a period of several 
years and such information gathered as was available 
concerning similar installations, notably the crossings 
of the Pacific Gas & Electric Company and of the Great 
Western Power Company over Carquinez Straits, the 
Knoxville Power Company’s crossing over the Little 
Tennessee River, and the crossing of the Shawinigan 
Power Company over the St. Lawrence River. Consid- 
erable correspondence was carried on and some inter- 
views were had with the engineers and officials of the 
companies mentioned. 

In the design of towers, foundations, and anchors it 
was possible to proceed along the lines of standard 
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plane 30 ft. between phases and 120 ft. between the two 
circuits. The four main towers are each 316 ft. 6 in. 
high from the tower footing to the point of cable sup- 
port at the top of the tower and are of the simple prop 
type. The conductors proper terminate at a nest of | 
12 multiple strings of high-strength suspension insula- 
tors, each string consisting of 11 units, equalized by 
means of springs to insure the proper mechanical load- 
ing of the individual strings, and the entire assembly 
attached to the supporting cables which pass over large 
sheaves on the top of the main towers and thencedown 
and back approximately 900 ft. to anchors imbedded in 
the earth. 
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2—ELEVATION AND PLAN OF CROSSING 


practise. Matters concerning the strength and other 
characteristics of cables—fittings and insulators—are 
now also fairly well established. However, the question 
of the behavior of this equipment under service similar 
to that proposed opens up a large field for discussion 
and research, probably the most troublesome considera- 
tion being the matter of vibration in long suspended 
cables. 

It was desired to avoid, so far as practicable, all 
undesirable features affecting upkeep and continuity of 
service as experienced in similar installations. — 

It was early decided that a messenger span with 
13 in. concentric strands, working at a factor of safety 
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of two and supporting separate conductors, would be the 
most desirable arrangement, the suspension insulators 
to be placed at irregular intervals to damp vibration. 
Further study, however, led to the final adoption of 
114 in., 35-wire concentric steel strands, acting as self 
supporting conductors, using a factor of safety of three 
based upon the ultimate strength of the strand, and 
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Transactions A. I. KE. E. 


The costs of cables, and fittings, towers, and anchors 
were interdependent and must be computed as a whole 
for each design. 

It was found that, as size of cables and consequently 
tower heights and anchorages were varied within 
practicable limits, the total cost of the complete cross- 
ing remained comparatively fixed. 
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Relieving Cables 


Fig. 


supplying at the supports and anchors devices in the 
way of fittings and relieving cables which would mini- 
mize the stresses and effects set up by vibration. 

The combination of devices adopted are believed to be 
novel, but some of these features have been suggested 
by similar installations. 

It has been the aim throughout, wherever indeter- 
minate shocks and variations of stress are to be ex- 
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pected, to provide such ample factors of safety as to 
remove all possibility of failure from these sources. 


ECONOMICAL CONSIDERATIONS AFFECTING SAG AND 
TOWER HEIGHTS 
The factor of safety to be provided in the cables 
having been decided upon, comparative estimates were 
prepared, based upon various cable sizes, and the 
corresponding sags, tower heights, anchors, etc. 
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3—SuHowing ASSEMBLING OF INSULATORS 


It was therefore decided to base the design upon 
114 in. cable, as being the smallest size that would 
satisfy electrical requirements. 

As to possible necessity for replacement, it is inter- 
esting to note that some of the cables of the Pacific Gas 
and Electric Company’s span, under similar conditions, 
have been in continuous service for 24 years, with an 
unknown length of useful life still remaining. Exam- 
ination of one of these cables showed the outside wires 


14 in. Main Cable 


TOP VIEW SPAN END 
Insulator Assembly 


BIG ae 
to be only slightly deteriorated and the interior wires to 
be in perfect condition, with galvanizing unimpaired. 


CABLES AND FITTINGS 
The cables for this crossing will be 114-in., 35-wire, 
galvanized strand, consisting of acid, open hearth, 
plough-steel wire. The net area of steel in the strand is 
0.93 sq. in., and it will weigh approximately 3.25 lb. 
per linear foot. 
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The guaranteed ultimate breaking strength of this 
strand is to be 180,000 lb., and tests already carried out 
show strengths well over this figure. Each coil of 
galvanized wire going into the make-up of the cables is 
being tested, the breaking strength running between 
210,000 lb. and 220,000 lb. per sq. in. 

Under maximum loading of ice and wind, the working 
stress in the cables was taken at 60,000 lb., affording a 
factor of safety of three, and the corresponding sag for 
determining clearance at 32 deg. fahr., when laden with 
ice, will be approximately 397 ft., with a stress of 56,500 
Ib. Stringing stress at 70 deg. fahr. would be about 
43,000 Ib. 

The main cable, considering one cable only, is at- 
tached by an open socket and clevis to the front of the 
insulator assembly, as shown in Fig. 3. One 90-ft. and 
one 70-ft. relieving cable will extend out from insulator 
assembly along the main cable. The outer ends of 
these relieving cables are to be securely served to the 
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6—Cross SECTION OF INSULATORS 


Fig. 


main cable and also attached thereto by a series of 
evenly spaced U-bolt clamps of cast steel. While 
these clamps are being attached, the relieving cables 
will be stressed in successive increments by means of the 
long threaded eye-bolts attached to front of the insula- 
tor assembly, in order to put the same amount of stress 
on each clamp. 

From the back of the insulator assembly, two anchor 
cables will pass over the sheaves and attach separately 
to evener at front of anchorage by means of adjustable 
bridge sockets. 

The purpose of the relieving cables, with their load of 
clamps, is to reduce stress in the main cable and damp 
vibrations, while the two anchor cables give double 
strength where passing over the sheaves and facilitate 
‘replacements or take-up. 
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All cables are identical, except that the main cables 
are reverse lay, while relieving and anchor cables are 
ordinary lay. 

INSULATOR ASSEMBLIES 

The question of insulation appears to be adequately 

solved by the design of insulator assembly adopted, 
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see Figs. 3 to 6. This consists of two rigid steel 

frames or yokes, conical in general form, and constructed 

of light channels, angles, and bent plates. é 
Between these yokes are placed twelve strings of high 
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strength suspension insulators, eleven units to the 
string. The minimum ultimate strength of these units 
is 18,000 lb. while the working stress will be 5000 Ib., 
which closely parallels the conditions of service found to 
be satisfactory on the span of the Great Western 
Power Company. 

The two yokes are identical except as to the arrange- 
ment for cable attachment. 

Calibrated springs are provided at the rear end of 
each string to equalize stress and assist in eliminating 
shock. 


Fig. 8—Erectinc Tower wits Fioatine Gin PoLE 

With this rigid form of yoke, the breakage of any 
string would only slightly unbalance the loads carried 
by the other strings and a broken unit may be replaced 
and the string brought up to the proper working tension 
by means of the eye-bolts and springs. 

During erection the insulators may be replaced by 
steel rods. 

TOWERS 

The towers are rectangular in form, 54 ft. square at 
the base, in which least number of members and ease of 
erection were considered beeen with economy of 
material; see Fig. 7. 

Although the foundations on one side of the crossing 
are 531% ft. higher than on the other side, it was de- 
cided to make the four towers of the same height, and 
identical in all respects. 

The towers are 313 ft. from top of concrete to top of 
deck girders, consisting of seven 44-ft., 6-in. panels plus 
the depth of the 18-in. deck girders. The sheaves and 
bearings add another 8 ft. 6 in., making the total height 
from top of foundations to point of cable support 
316 ft. 6 in. 
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The maximum computed reaction at base of the 
columns is 310,000 lb. and the greatest uplift 89,000 Ib., 
the greatest stress in any of the diagonals being 
33,500 lb. 

Due to the importance of the structure as a vital 
link in the transmission line, and due also to legal regu- 
lations, the following conservative working stresses were 
adopted: 


Lb. per 
sq. in 

Tension: 

Rolled. Steel... eee ee eee 18,000 

Bolts: (net.area)aeee ate to eee 12,000 
Bearing: 

Pins, Shop and Field Rivets.......... 20,000 
Shear: 

WebiPlatesscas.2 1 eer babe shy, 0 eee 10,000 

Pins, Shop and Field Rivets.......... 10,000 
Extreme Fibre Stress: 

Rolled Steel Shapes: -:2:-.22a2+.c0000e 16,006; 

Rolled Steel Pins. 5-= ee eee 20,001 


Columns or Struts Axially Loaded: 

Working stress not to exceed 18,000-701/r, and 
not to exceed 14,000 lb. per sq. in. 
Slenderness Ratio 1/r: 

Not to exceed 120, except for bracing.and mem- 
bers resisting wind only, where 1/7 is not to exceed 
150. 
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Fig. 9—PLAN AND ELEVATION or ANCHOR 

A wind pressure of 20 lb. per sq. ft. was assumed on 
the projected area of all steel members. 

The details of the towers are notable for the entire 
absence of latticing. 

For economy of material, accessibility for painting, 
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and other considerations, the familiar built-up type of 
column was selected, consisting of an I-beam and two 
channels, the largest section being one 12-in. I of 
31.8 lb. and two 12-in. [s of 30 1b. at the base of the tower, 
and one 9-in. I of 21.8 lb. and two 8-in. [s of 13.75 lb. 
for the upper sections. The lower diagonals are two 
[s 31% in. by 2% by 5/16in., battened. Theminimum 
thickness of metal used is 5/16 in., with possibly a few 
minor exceptions. . 

For a slight additional cost above that of a simple 


Fie. 10—CompiLetep ANcHOR—Back VIEW 
ladder, a light stairway with convenient landings is 
provided on each tower. 

Platforms extending out under the strain insulator 
assemblies facilitate inspection. These platforms are 
pin-connected to the main structure and can be swung 
down out of the way if desired at any time. The hand 
rails surrounding the platforms are also easily folded 
flat on the deck. 

The total weight of each tower is 260,000 Ib. 


TOWER FOOTINGS 

The footings consist of simple concrete stepped 
footings, 12 ft. square, surmounted by 5-ft. square 
shafts. Four 23-in. anchor bolts are embedded there- 
in, extending to a steel plate 12 inches above the bottom 
of the footings. The footings are carried to a minimum 
depth of 9 ft. 6 in. below finished grade of the sites and 
are connected just below grade by 18-in. by 24-in. re- 
inforced concrete struts. 


ANCHORAGES 


From several preliminary designs, a somewhat 
novel type of cable anchor affording a large factor of 
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safety and eliminating any apprehension from this 
feature of thestructurewasdecidedupon. (Figs.9to11.) 
The lower faces of the anchors are stepped and the 
entire excavation is in firm compacted gravel, which 
gives them a power of resistance which is impossible to 
calculate with accuracy, and provides a large margin of 
strength for any possible future requirements. 

The structural steel members to which the anchor 
cables are attached are carried to the extreme back end 
of the anchors. 

The steel eveners are so designed as to permit one 
anchor cable to be completed slackened off and removed 
without cramping the terminal socket of the other 
cable. 

Extra eye-bars are provided for haul-back purposes. 


SHEAVES 

Built up structural steel sheaves 6 ft. in diameter, 
with cast steel rims, were originally designed for the 
support of the cables, but one-piece cast steel sheaves 
have been since manufactured for this purpose, the 
castings being exceptionally perfect and free from flaws. 

The shafts are forged steel 7 in. in diameter, turned 
down to 5 in.—where they rest in bronze bushed bear- 
ings. 

Each sheave weighs approximately 5000 Ib. Cal- 
culations indicate that variations in loading may cause 
these sheaves to rotate approximately 13 in. 


CONSTRUCTION AND ERECTION 


The foundations and cable anchors were constructed 
during the winter of 1924-25 at a cost of $33,000, and 
the contract for the fabrication and erection of the main 
towers together with the switching towers and string- 
ing of cables was awarded Feb. 16, 1925, to the Star Iron 
and Steel Company of Tacoma, at a contract price of 


Fig. 11—Grovurp or AncnHors at East END oF CABLES 
$149,000, the towers to be completed by Sept. 19, 1925, 
and the cables to be strung by Oct. 19. 

The contract for furnishing cables, fittings, and in- 
sulator assemblies was awarded Feb. 13, 1925, to the 
John A. Roebling’s Sons Company, at a contract price 
of $37,600, delivery to be made Aug. 25, making the 
complete cost of the crossing $219,600.00. 

Erection was begun on the switching towers May 21, 


_and the first steel column of the main towers was set 


June 6th, and the erection is progressing rapidly. 
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A 90-ft. basket or floating gin pole is being used, sus- 
pended in the center of the tower by four sets of falls 
attached to the columns at the panel points, the top 
being controlled by four lines operated by hand winches 
attached to the 18-in. by 24-in. concrete struts between 
footings. 

Upon the completion of each panel the pole is raised 
or ‘‘jumped”’ 44 ft. for erecting the next panel. This 
method of erection has been used on many of the radio 
towers constructed in recent years. 


Cost OF DEVELOPMENT 


The cost of the development of the first 50,000 h. p. 
of the Cushman Power Project will be approximately 
$5,000,000.00, and is being carried on under the general 
supervision of J. L. Stannard, Chief Engineer. 

The authors wish to express appreciation of the 
courtesies extended by J. P. Jollyman and L. J. Corbett 
of the Pacific Gas & Electric Co., J. A. Koontz of the 
Great Western Power Co., Theodore Varney of the 
Aluminum Co. of America, and 8. Svenningson of the 
Shawinigan Power Co. Limited. CC. C. Sunderland of 
the J. A. Roebling’s Sons Co. also rendered valuable 
service when the matter of steel cables was under 
consideration. 


Discussion 


G. S. Smith: I should like to ask Messrs. Gongwer and 
Darland if any provisions are being made to obtain data on the 
cable movement over the two main supports? This could 
easily be accomplished by means of a graphic instrument to keep 
a record of the sheave movement, together with temperature. 
A record of the wind velocity and its direction, as well as a log 
of ice loading or other unusual conditions, would be very desirable. 

The slow movement of the cable over the supports due to the 
temperature or loading changes, as well as the vibrations which 
may take place, would make a very interesting study in this 
unusually long span. 
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Such data would be highly instructive from the standpoint 
of investigation and future design, and might also prove valuable 
from the standpoint of maintenance. 

G. R. F. Nuttall: I should like to bring up a point in con- 
nection with cables for long crossings. In our own transmission 
lines we have had to go into the details of sag calculations, and 
in all cases it is necessary to make quite a number of assumptions 
to start with, particularly in connection with cables which are 
formed of two different metals, aluminum and steel, for instanee, 
where the combined modulus of elasticity and coefficient of 
expansion of the two metals has to be taken into account. 

Have any of the cable manufacturers made any experiments 
with cables having a layer of aluminum strands on the outside, 
then alayer of strands—the modulusof elasticity and coefficient 
of expansion of which lie between those of aluminum and steel—and 
within the center the usual steel core? This would offer a more 
homogeneous cable in which the relative movement between 
layers would be less likely to occur. 

R. J. C. Wood: For our use we have developed a dynamom- 
eter which is essentially a steel rod some 20 in. long, and we 
measure the extension of that rod under load with an ordinary 
dial extensometer. : 

L. J. Corbett: In this paper the point which I noticed 
particularly was the test of the two types of cable—that with the 
concentric layers oppositely wound and that with the layers 
wound in the same direction. The Pacific Gas and Electric 
Company long ago adopted for Carquinez the cable in which the 
layers are wound in the same direction, with the idea of getting 
greater strength for a given weight. This method produces a 
very compact strand, and this was the controlling feature in the 
selection of the cable. A new point is brought up when tests 
showed a difference of 60 per cent in resistance. This is certainly 
well worth considering. 

A. F. Darland: Mr. Smith has brought up the point of 
keeping a record of the movement of the cable over the sheave 
on the Narrows crossing. We have computed the probable 
movement we shall get, and expect probably afoot. No definite 
means has been provided at this time to keep a record of that 
movement, but it will undoubtedly be noted and recorded. 
We have a calibrated spring on each string of the high-tension 
insulators whereby we may know the tension in the cable, and 
we shall in addition keep an accurate record of the sag, measuring 
it with a level. 
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Synopsis.—The conclusion has been reached that birds are the 
cause of flashovers on the Southern California Edison line. The 
frequency and location of flashovers is given for nine years of opera- 
tion at 150 kv. and two years at 220 kv. The increase in the number 
of flashovers when first going to 220 kv. has been reduced so that now 
there is no greater number than there was at150kv. This has been 
done by installing bird guards which are, however, not yet completely 
bird proof. Other possible causes of flashovers are considered, 
including corona, standing and traveling waves of high voltage, 
harmonic resonance, sustained high-frequency effects, lightning, and 
highly ionized air. Investigations to discover the presence of such 
disturbances are described; they included the use of a homemade 
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photographic surge recorder, the klydonograph, and oscillograph. 
The amplitude of voltage surges caused by various switching opera- 
tions and the quantity of tertiary and residual current at the different 
stations on the system are tabulated. 

The conclusions reached are that there are not any voltage dis- 
turbances of greater magnitude than those produced by normal 
switching, and that such voltage rises as do occur are totally inade- 
quate to cause flashovers or cause any damage to connected apparatus. 
The evidence is all against the existence of sustained high-frequency 
currents or voltages and it may be stated confidenily that they do not 
exist. 


FLASHOVERS 


HE more or less occasional flashovers on the Big 
4 eae Transmission System of the Southern 

California Edison Company have been the subject 
of study for several years in the effort to find their true 
cause, but none of those who studied this problem 
could find an electrical theory that would explain all the 
facts. Finally, a man unacquainted with mysterious 
resonance phenomena and dire high-frequency poten- 
tialities observed the one fact that had escaped the rest 
of us, and, as H. Michener describes in his paper’, 
the bird theory was evolved. This theory, that 
flashovers on this system are due to the excrement of 
birds falling through the air and affording a conducting 
path between conductor and tower, is now firmly es- 
tablished and believed by those on the ground. 

The frequency of these flashovers from January 1, 
1914 to July 31, 1925 is shown in Fig. 1, the voltage 
of the line being 150 kv. prior to May 6, 1923 and 220 
kv. thereafter. The immediate increase of flashovers is 
noticeable when the raise in voltage increased the size 
of the bullseye which the bird had to hit in order to 
score. It will also be seen that since the installation of 
various kinds of bird guards, which was done mainly 
during the last half of 1923, the occurrence of 
flashovers has been of about the same frequency as 
during 150 kv. operation. 

When it was first determined to put on bird guards, 
two factors were underestimated: first, the lateral 
distance from the center line of the insulator string from 
which a roosting bird could cause a flashover when the 
wind was in the right direction to carry the stream of 
excrement into the vicinity of the conductor, and 
secondly, the bird’s intelligence. He had used that 
tower for a roost and observation point for years and 
looked upon any effort to oust him as an invasion of his 
rights, and he proved quite clever in surmounting the 
difficulties first put in his way. 

1. Research Engineer, Southern California Edison Co. 

2. Transmission at 220 ky., Section 1, by H. Michener. 


Presented at the Pacific Coast Convention of the A. 1. E. E., 
Seattle, Wash. September 15-19, 1926. 


In the winter months of 1924-25 observation on the 
line showed that the birds, prevented from roosting on 
the more accessible parts of the tower, were accommo- 
dating themselves to new conditions and getting in on 
secondary members of the steel work that it had at first 
been considered unnecessary to guard, so that the line 
is not yet fully equipped with absolutely bird proof 
devices and the flashovers still occurring have in each 
case been traced to imperfect bird guards. 
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The commercial significance to service of the flash- 
overs has become a vanishing quantity now that reliable 
automatic relays are in use, provided duplicate section- 
alized lines are available which will not be overloaded 

‘upon the loss of a section. The effect of a flashover 
upon received voltage and frequency is shown in Fig. 2, 
and is seen to be inconsiderable and momentary. 

The space distribution of flashovers along the line is 
given in Fig. 3; the remarkable similarity between the 
distributions for 150-kv. and 220-kv. operation is at 
once apparent. This in itself is significant of no new 
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factor having arisen with the increase of voltage; in 
fact, it is very evident that the tendency to flashover 
chiefly depends upon the location of the insulator along 
the line. 


POSSIBLE CAUSES OF F'LASHOVERS 


Considering other possibilities than birds, the exciting 
cause of flashovers might be either internal, such as 
standing or traveling waves of abnormal voltage, or 
sustained high-frequency capable of breaking down 
relatively large air spaces, or external, such as lightning 
or highly ionized air. 

The three horizontal conductors are asymmetrical 
with regard to the ground wire so that the outer con- 
ductor most remote from it should suffer most from 
lightning disturbance. During 150-kv. operation, 66.3 
per cent of flashovers were on the middle conductor; 
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after going to 220 kv. this percentage increased to 
88.5 per cent. 

Evidently, no distributed atmospheric effect is re- 
sponsible. This eliminates ionized air and lightning, 
especially since practically all of the flashovers have 
occurred when there was no lightning. 

The possibility or otherwise of internal disturbance is 
not so easily disposed of, and in an effort to clear up this 
question a few investigations were undertaken. 


CORONA 


It has been suggested that corona on the arcing horns 
of the old 150-kv. equipment might be a starting point 
for the high-frequency streamer, in fact, that the least 
bit of corona was a dangerous thing to have around. 
In November 1921, hollow copper balls, some 3-in. and 
some 4-in. diameter, were put over the ends of thearcing 
horns on the middle conductor of the East Line from 
mile 105 to mile 163 where, as may be seen in Fig. 8, 
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flashovers were above the average in frequency. These 
balls suppressed the corona, did not decrease the arcing 
distance, and improved the voltage distribution: of the 
insulator string, but the three next flashovers in that 
month and three out of four in December were over 
ball protected insulators. Evidently, corona was not 
the cause of the breakdowns. 


PHOTOGRAPHIC SURGE RECORDER 
At the time these matters were being studied in 1921, 
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preparatory to increasing the line voltage to 220 kv., 
there did not appear to be available any commercial 
voltage surge recorders that were suitable to our pur- 
pose, so we combined a kodak film with the clockwork 
mechanism of a curve drawing wattmeter, and there 
resulted a somewhat crude daylight loading surge 
recorder using standard 8A film. 
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Fia. 4—CaA.iBRATION OF SuRGE RECORDER ON A-C. VOLTAGE 


Six hemispherically-ended metal wires, together witha 
grounded metal drum, formed six spark-gaps of different 
lengths through which the film passed. The spark-gap 
terminals were all connected in parallel across the 
ground-end unit of a string of insulators hung from the 
line under test, and so shielded as to provide a suitable 
voltage for the recorder. The parallel gaps broke down 
successively at increasing voltages as long as the insulat- 
ing celluloid film was in them, as shown in Fig. 4, which 
is a laboratory calibration using a-c. voltage. The 
film was driven by a weight-actuated mechanism, the 
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clock regulating the speed. The whole device was 
enclosed in a wooden box supposed to exclude light. 
One of the spark-gaps was used to mark time, being 
in series with a commutator that broke circuit every 
two hours and was driven by the same clock that regu- 
lated the film speed. The instrument is shown in Fig. 5. 

This instrument was in use on the Eagle Rock 
150-kv. bus for three months and was then installed at 
Vestal. A record obtained by its use is shown in Fig. 6. 
The broad band at the left is the discharge from the 


Fic. 5—PuHoroGrarHic SuRGE RECORDER 


first gap which was set at just below normal voltage, 
the second gap went over at approximately 1.25, and the 
third one at 1.50 times normal voltage. The right 
hand band is from the timing point working indif- 
ferently well. 

It was the general rule to kill the bus before admitting 


Fic. 6—Surces RecorpED at Eacite Rock on 150-Ky. Bus 


any one to the bus compartment for the purpose of 
changing films, and it was soon found that this station 
switching caused the highest voltages that were re- 
corded, none of which, however, exceeded approxi- 
mately double normal. The recorder was in operation 
upon the 150-kv. bus at Vestal after the line had been 
raised to 220 kv. but was never installed directly upon 
the 220-kv. line. It had satisfied us that there were no 
voltage surges on the 150-kv. system of anywhere near 
sufficient magnitude to cause flashovers. 

This recorder suffered from many defects, largely of a 
mechanical nature; difficulty was encountered in 
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getting the film to reel up smoothly on the receiving 
spool, and considerable fogging of the film took place 
when installed out of doors from leakage of light through 
the containing wooden box, the time-recording device 
was imperfect, and the indications were not at all 
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precise, increasing as they did by 25 per cent steps. 
Still it worked after a fashion and indicated conditions 
that have since been confirmed by more perfect 
apparatus. 


KLYDONOGRAPH TESTS 


Some time later, the Westinghouse Electric Company 
brought out its Klydonograph’ surge recorder in which 
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only one recording point is used and the magnitude and 
character of the voltage estimated from the size and 
nature of the picture produced. Through the courtesy 
of the Westinghouse Co., installations were made at 
Big Creek No. 1, Vestal, Magunden, and Laguna Bell. 


3. The Klydonograph and its Application to Surge Investiga- 
tion, by J. H. Coxand J. W. Legg. 
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These installations were in service 89 days at Big 
Creek No. 1, 75 days at Vestal, 71 days at Ma- 
gunden, and 119 days at Laguna Bell. There were 684 
indications of voltage rise and 556 indications of wave 
front slope recorded. More than a normal amount of 
switching was being done at the timeasoneline was taken 
out of service every night to reduce losses. The approxi- 
mate number of oil-switch operations performed on the 
220-kv. system averaged over 36.3 per day and about 
18 daily oil-switch operations were made on the 150- 
ky. station busses which are conductively coupled to 
the 220 lines through auto-transformers. The average 
total number of surges per day was 8.71. The ratio of 
number of surges to switchings is 24 per cent if only 
the 220-ky. switching is considered and only 16 per cent 
if the 150-kv. switching is included. ; 

The relative percentage of abnormal voltages of 
different magnitudes is shown in Fig. 7 plotted upon 
probability paper. The very close conformity of the 
plotted results with a straight line indicates both that a 
sufficient number of observations were obtained to get 
representative results, and also that no particular 
predominating cause exists that is responsible for surges 
of any particular value. 


The curve for surges measured at Laguna Bell, due 
only to local switching operations, is practically coinci- 
dent with the curve of all causes for the whole of the 
system. From this we may conclude that the magni- 
tude of the voltages resulting from normal switching 
operations was, on an average, independent of the loca- 
tion of the switching. 

The surges of unknown origin which could not be 
correlated with switching on the 220-kv. system aver- 
age of lesser magnitude. 

The steepness of wave fronts is shown in Fig. 8. 
In this case the probability law is followed up to wave 
fronts of about 10 « 10° kv. per sec. Above this value 
results are erratic. This is explainable by the fact that 
the greater part of the observations between 2 x 108 
and 10 x 10° ky. per sec. were obtained at Laguna Bell 
as the result of a great number each of a number of 
different switching operations, whereas the steeper slopes 
were observed at Vestal and Magunden and are 
inherent to a few particular operations at those sta- 
tions. The curves therefore seem to indicate that 
slopes of wave fronts originating at different stations 
are of different orders of magnitude, whereas the am- 
plitudes of potential surges at different stations are of 
the same order. It may be pointed out for compari- 
son that the maximum steepness of normal 50-cycle 
sinusoidal waves at 220 kv. is 0.0564 x 10® kv. per 
sec. 

The evidence as to the extent that surges are trans- 
mitted over any considerable distance is rather hard to 
interpret depending somewhat upon the definition of 
the word “surge.’ 

A surge might be considered to have traveled: 
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1. When a voltage rise is due to switching at a 
distance 

2. When antenna indications of current waves show 
them to have traversed certain distances 

3. When records of voltage rise are found at two or 


TABLE I 
“TRANSMISSION OF VOLTAGE DISTURBANCES 


Number of Disturbances Recorded at 


a Laguna B.C. 
Recording Station Bell Magunden| Vestal No. 1 
Total Number recorded...... 402 38 Le 41 
Number originating at Laguna 
Bell and also recorded as 
SHOW0 Fre © orcs etnies coronene pe 0 0 0 
Ditto originating at Magunden 3 ae 0 10) 
2 25 0 2 
Ditto originating at Vestal. ... 1 0 is 0 
Ditto originating at B.C. No.1 0 0 0 re 
Ditto origin unknown........ ils 0 0 1 


more separated points all due to a common localized 
cause 

It has been thought best to confine the evidence to that 
under heading No 8, as this required direct proof of the 
transmission of a voltage disturbance, while Nos. land 2 
do not necessarily do so. Such evidence is given in 
Table I and shows to what an insignificant amount 
such action occurs over the distances in question. 
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The antenna instruments gave many indications of 
current rushes in the line without corresponding voltage 
records being obtained. Apparently there.was not any 
definite relation between voltage amplitude and wave 
front steepness. 

For those who care to analyze further, Fig. 9 presents 
a switching diagram of the system and Tables II and 
III show the different switching operations performed, 
together with the range of the resulting surges. 

’ It should be noted that even though the disconnects 
at the main switching stations only make or break the 
charging current of a few feet of bus and one side of an 
open oil switch, that when so doing they cause voltage 
rises of as high a value as do other switching operations 
that involve 100 miles of line. 
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TABLE II 


_ CAUSES AND MAGNITUDES OF SWITCHING SURGES 
A. SURGES MEASURED AT LAGUNA BELL 


: No. of Total Voltage in Times Normal 
Location of Records 
Switching Nature of Switching Obtained Min. Avg. Max. 
BaGaINo. 1 Disc. closed if 12 
West Line closed 1 ok 
Rac No.s East Line closed 3 : 0.9 nieal 1.4 
West Line closed 1 1.5 
B.C. No.3 East Line opened North 1 a gat 
Kast “ « South 5 yeaa | a ts) LA6 
oa “closed South 1 132 
West “ opened South 5 1:5 136 1.6 
st “closed South 1 Nes: 
Disc. closed 1 a) 
Citrus Cove Parallel opened 3 1.0 te 123 
oe closed 1 AZ 
Farmersville “i opened 6 Lr iP. 1.5 
Vestal ; East Line opened North 6 0.9 Vas ibt3 
. «South 3 1.0 ise 1.4 
West “ “North 3 iad 192 ites 
es by e South 6 a fea 1.3 1.5 
« “~~ closed North 1 1s 
s “opened South 4 10) 1.4 i We 
Disc. opened 2 1.4 ibe, Dall 
Magunden East Line opened North 4 Meg! eG 203 
Ls Ss oF South 3 1.3 1.5 1.8 
ss “closed North 6 ‘feat 0.3 1.4 
West “ opened South’ 27 0.8 thes 274: 
Es “closed North 4 0.9 1.0 ie! 
s ss ss South 6 1.0 es 1.8 
Disc. opened 3 1.4 ez Pa 
“closed. 1 1.1 
Newhall Parallel opened 3 a 1.1 i 4vs 1.4 
ie closed 1 Me 
Laguna Bell East Line Opened 32 0.7 NAS} 1.9 
se “closed 10 0.8 1.0 1.5 
West “ opened 34 0.8 1 583 1.9 
se “closed 26 0.8 ess 2.2 
Changed from South to North bus 42 0.8 1.4 Ded 
of «North to South “ 61 0.7 1.4 2.2) 
Parallel busses 10 1.0 13 Mae 
North bus opened 2 1.0 laa aie 
South “ s 4 1:2 1.5 1.8 
sd * closed 3 iG a ZA 1.8 
Disc. opened 14 i Kegel Jey 1.9 
= .closed 1 a6) 
Transformer put’on bus 1 1 ea 
ee taken off ‘“ 8 0.9 1.4 .8 
Changed Transformers 0.9 5 1.8 
B: SURGES MEASURED AT MAGUNDEN 
Bi@e No.3 East Line opened South 2 0.9 0.9 0.9 
& “closed ff 1 1.5 
Vestal West “ os S 1 Le 5) 
Magunden East “ opened South 2 D3 3 ies 1.3 
us “closed North nf i EY 
bs iy «South Uf L.2 5 lore 2.2 
West “ opened South 10 0.8 ik LS 
ss “ closed North 2 0.7 de 1.6 
xe is ss South 9 0.8 ies 2.1 
Newhall-Baileys Disc. opened : 3 iP dG 2.0 
C. SURGES MEASURED AT VESTAL 
Farmersville Disc. closed 1 2.0 
Vestal East Line opened South 2 1.0 1.0 1.0 
cc “closed North 1 2.0 
West “ opened South 3 0.9 ey 2.1 
oe ““ closed South 5 1.3 2.0 2.4. 
Disc. opened 1 : v2 
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TABLE II (Continued) 


CAUSES AND MAGNITUDES OF SWITCHING 


SURGES 


No. of Total Voltage in Times Normal 
Location of Records = 
Switching Nature of Switching Obtained Min. Avg. Max. 
D. SURGES MEASURED AT B. C. NO. 1 
B. C. No. 1 East Line closed PS Uf 1 PE ileyeé 
West “ opened 1 2.0 
& * closed 4 0.9 + Lb 2.2 
Disc. closed iL 13 
Generator taken off 2 Nia 1.8 138 
B.C; No.2 East and West lines parallel 1 1.9 
B € 33 No gs “e “ “ “ “ 1 9 
B. C. No. 3 East Line closed North and South 1 1.9 
West “ «South 3 20) 21 2S 
Farmersville Parallel opened 1 2.0 
/ 
Vestal East Line opened North 10 0.8 ee 2.3 
is s os South 1 Zine 
West “ “ North 1 2.0 
Tower 118-5 Flashover, East Line 1 ie 
Magunden East Line opened South 2 1.6 ZO Zid 
ES “closed North a 1.12 Pye | Shee 
a3 se “~ South 1 WEF 
West “ opened South 2 Lait Me Lee 
Disc. opened 1 aA 
Lavuna Bell East Line opened 1 1.9 


Some explanation of the meaning of voltage rises 
of less than 1.0 times normal is due. 

The klydonograph actually records a measured 
fraction of the line voltage, an electrostatic poten- 
tiometer being used to effect this. Between the kly- 
donograph and potentiometer is a sphere-gap adjusted 
to breakdown for a slight increase in line voltage and to 
give a corresponding size of picture on the photographic 
plate. 


TABLE III 
MAGNITUDE OF SURGES 
SURGES OF UNKNOWN ORIGIN 


No. of Total Voltage in Times Normal 
i Records 
Measured at Obtained Min. Avg. Max. 
hagsunay Be 2s sees 86 0.7 1e2 AS 
Maeunden. 22... <5 002% 4 1 ae | lye Ld 
WG Oe Gee ae ee 3 a hee il 1 Wee 
Be CeO ah c= cievelenie. ico 9 0.9 1.5 2.0 


Records were occasionally found upon the plate cor- 
responding in size to voltages less than the normal 
breakdown value of the sphere-gap, and these have been 
included in the tabulations, as found, as less than unity 
surges. The calibration of the photographic plate at 
these low voltages is somewhat uncertain especially 
when the duration of the surge is so short that only a 
few rays are formed in the picture and this is the prob- 
able explanation of pictures of a size less than corre- 
sponds to the series spark-gap. In any event these 
apparently subnormal surges are only of academic 
interest and have no bearing upon flashovers. At 


supernormal voltages the accuracy of the calibration is 
probably well within 15 per cent at twice normal volt- 
age and better yet at higher voltages. Calibrations 
made at the factory, in the Southern California Edison | 
laboratories and in the field, check very well and prove 
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that the obtaining of 0.7 times normal pictures does not 
mean that the whole calibration of the klydonograph 
is 48 per cent low. 


TERTIARY AND RESIDUAL CURRENTS 


To determine whether there were any abnormal 
residual, tertiary, or other odd harmonic currents or 
voltages, a number of oscillograms were taken, nothing 
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out of the ordinary being done except, perhaps, in ob- 
taining oscillograms of line voltage direct without inter- 
posing potential transformers. 

This was accomplished by using a 50-ft. length of 
14-in. common garden hose filled with water as a re- 
sistance in series with the oscillograph element, with a 
precautionary shunt, in parallel with the element. No 
special difficulties were encountered except that in the 


TABLE IV 
TERTIARY CURRENTS IN AUTO-TRANSFORMERS 


Approx. 
Per cent 
Rated of Rated 
Transf. Tertiary Voltage Voltage 
Station Bank Amps. of Tertiary on Transf. 
Eagle Rock..... East Line 6.6 11,000 86.4 
West Line Teas 11,000 86.4 
Vestal nies S299 North 128. 2900 96.9 
South 149. 2900 96.9 
BEG Noes oa North 119. 2900 100 
South 116. 2900 100 
Won O Se acter East Line 122. 2900 100 
West Line L1L6. 2900 100 


first trials the water in the hose lowered in level at the 
high voltage, due to leakage and _ evaporation, 
whereupon a small internal are burned up that end of 


TABLE V 
RESIDUAL CURRENTS TO GROUND 


Transf. Residual Rated 
Station Bank Amps. Voltage 
Eagle Rock...... East 4.0 220000 /150000 
West 4.0 ve . 
Laguna Bell..... No. 1 2.8 200000 /7 2000 
No. 3 1.6 . < 
Westal: PeA5 sia South 0.6 220000 /150000 
North 0.6 i - 
Bae Noe harass. North 0.84 220000 /150000 
South 0.88 iy & 
No.1) Zero 0.96 6600 /150000 
No. 2 load 0.96 bs = 
No. 3 16000 0.20 * a 
No.3) Kw. 0.84 me od 
BaGNNon2 hems No. 1 152 6600 /150000 
No. 2 -52 Py a 
No.3 52 ae Ks 
Total No. 1, No. 
2, No.3 3.52 zs # 
E Line 1.24 220000 /150000 
W Line 1.44 “i = 
No.3 4000 Kw. 1.6 6600 /150000 
No.3 7000 “ 1.6 
No.3) 9500) _* 1.6 
B> GINO} 82 c2 Total less than .04 11000 /222000 
BoC. Newsin es No. 1 2.72 11000/220000 
No. 2 2.88 - “ 
the hose. This difficulty was entirely overcome by 


having a small reservoir of water (old 5-gal. oil can) at 
the high-voltage and high-level end; this supplied losses 


YO 


and kept the hose full of water. The current through 
the hose and oscillograph to ground varied from 
37.0 milliamperes at Laguna Bell to less than 0.3 
milliamperes at Big Creek No. 3, showing resistances of 
the 50 ft. of hose of 3.386 and 423 megohms respectively. 
This, it may be remarked parenthetically, is truly indica- 
tive of the relative difficulties in the two locations of 
obtaining good ground connections for transformer 
neutrals. 

Efforts were also made to determine the crest voltage 
on the line by direct sphere-gap measurements putting 
the sphere-gap at the ground end of the 50-ft. hose full of 
water. The drop of voltage along the hose due to 
charging currents rendered the method useless and we 
had to be satisfied with the wave shape of voltage ob- 
tained as previously described. / 

The results of the investigations were negative so far 
as supplying any reason for flashovers was concerned. 
Third, fifth, and ninth harmonic currents were no larger 
than was to be expected, and voltage waves were 
apparently so nearly sinusoidal that we did not indulge 
in harmonic analysis. 

Examples of the results are shown in Figs. 10 to 17 
which are self-explanatory. Table IV gives a summary 
of the magnitude of tertiary currents and in Table V 
will be found the values of residuals to ground. These 
residuals are due to the impedance of tertiary windings, 
generator harmonics other than multiples of the third, 
unbalance of the lines which are not transposed, and 
possibility to slight transformer inequalities. Consid- 
ering the magnitude of the system and the untrans- 
posed line, the residuals are small. 


The search for abnormal and startling effects has 
been distressingly unsatisfactory from a spectacular 
point of view, but most reassuring to those who con- 
template the use of high voltages for transmission. 
Not only have no unusual effects been discovered but 
not even the beginning or tendency towards them has 
been made manifest. We have particularly looked for 
evidence of sustained high frequencies; we are confident 
there are none. 


CONCLUSIONS 


1. Corona in the amount found upon arcing horns 
did not cause flashovers. 

2. No voltage surges occur of sufficient magnitude 
to cause flashover or damage to apparatus. 

3. Switching causes rises of voltage as great as any 
recorded. 

4. Voltage rises recorded at the times of two flash- 
overs may have been due to subsequent switching and 
were less than many known to arise from switching. 

5. High-voltage switching as practised on this 
system may be done without fear of danger. 

6. Only very occasionally did voltage surges travel 
even 35 miles without being greatly attenuated. 

7. Such alternating surges as were found were 
highly damped, being usually of but one alternation. 
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8. There were no harmonic resonances or distortion 
of voltage wave shapes. 
9. Residuals to ground were small. 
10. There were no sustained high-frequency effects. 
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Discussion 


Percy H. Thomas: This paper appears to clear away 
definitely the persistent suspicions that there is some source 
of mysterious overpotential inherent in 220-kyv. or in very long 
lines that does not appear on the surface—something involving 
an unrecognized principle and jeopardizing reliability of service. 

The subject of surges and high-voltage breakdowns has long 
been a béie noir. for transmission operation. When power 
transmission first became of importance, one of the first serious 
sources of shut-down other than the ever-present lightning was 
the frequent short circuit of transformers in high-tension service. 
While this proved to be due partly to moisture and inadequate 
insulation, it was, nevertheless, necessary that the now well- 
known but then almost unknown effect of the steep-wave-front 
surge on windings be studied out* and this led to radical change 
in the method of insulating high-tension windings. While 
the theory of the propagation of surges or waves in transmission 
lines was academically known, nobody knew what the real 
effect in an actual line practically was, and this led to a certain 
feeling of uncertainty as to what might be expected with plant. 
extensions. This led to a series of investigations in 1902 in 
the Middle West on a number of high-tension plants, similar in 
object to those reported by Mr. Wood and leading to a some- 
what similar conelusion.® In the old investigation, the volt- 
ages were lower and the apparatus ecruder, but the interest was 
much the same. 

At a still later period, with the advent of larger systems and 
higher voltages, still another experimental study was made, 
this time based largely upon the oscillographs covering the 
action of switching and surges in the system of the Pacifie Gas 
& Electric Company® and still again with the result of dis- 
proving the existence of any new or unexpected phenomena. 

Mr. Wood’s work goes over the research again, taking up all 
possible sources of excessive surges and using perfected appara- 
tus. This makes clear the conclusion that the explanation of 


32 -loeveit: 

4. See paper, Percy H. Thomas, Trans. A.I.E.E., ‘Static Strains in 
High Tension Circuits and the Protection of Apparatus,’’ Vol. XIX, 
1902, p. 2138. 

5. See paper, Percy H. Thomas, An Experimental Study of the Rise 
of Potential on Commercial Transmission Lines Due to Static Disturbances 
Caused by Switching, Grounding, etc., TRANS. A. I. E. E. , Vol. 1905, p. 317. 

6. Guiseppe Faccioli, Electric Line Oscillations, Trans. A. I. E. E., 
Vol. XXX, Part III, p. 1803. 4 
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mysterious surges even.on 220-kv. lines must be sought among 
the well recognized laws of electric phenomena. 

Considering, now, the detail of the paper, it may be pointed 
out that the results of the klydonograph appear to agree with 
the old fundamental rules of wave motion, e. g.: (a) When a 
potential is abruptly applied to a transmission line, a wave equal 
in crest to the applied potential passes along the line until it 
reaches a reflecting point when it is reflected back toward the 
start, reaching double potential at the reflecting point, neglecting 
losses, (b) When a small-capacity branch line leads from such 
a reflecting point, the wave starts off in the branch line at the 
maximum potential reached at the reflecting point and is sub- 
ject to reflection at the end of the branch line with another 
doubling of the potential, (¢) Whenever a condenser is charged 
through reactance (neglecting resistance) the potential will 
rise to double the charging potential and only gradually settle 
down to equilibrium after a series of oscillations. 

As Mr. Wood properly says, in considering surges in a line, 
the effect of distance of travel is only to weaken the surge. 
Other things being equal, the effect of a switching operation 
is greatest nearby. 


It is particularly gratifying to find that no abnormal sustained 
high-frequeney potentials exist in the line, as these might be 
exceedingly troublesome. 


F. W. Peek, Jr.: Mr. Wood's findings, which are quite in 
accord with theory, show no mysterious high voltages at sus- 
tained high frequency causing ares of indeterminate distance. 
The expected highly damped switching surges occur but never 
of sufficient voltage to cause trouble. The cause of many arc- 
overs is dirt. In the tests made most of the dirt trouble was 
a purely mechanical one due to birds and as easily understandable 
as the effect of a fuse wire dropped over an insulator string. 
This investigation shows conclusively that there need be little 
fear from transient voltages originating in a grounded-neutral 
system. 

Thus, in the part of the country where the lines of the Southern 
California Edison Company are located, the chief cause of in- 
_ sulator are-over is a weakening of the insulators by dirt or other 
mechanical means. 


Other important points brought out are that high-voltage 
switching may be done without fear, and that with quick-acting 
relays insulator arc-overs may be cleared without interruption 
of service. Of course, in addition to quick-acting relays, it is 
important to have grading shields or rings on the insulator to 


direct the are away from the string while the relays are operating. | 


While dirt is the principal cause of arc-over in certain parts 
of the country, in other parts its effect may be practically 
negligible and lightning may be a very serious factor. 

To illustrate how well Mr. Wood’s conclusions are in agree- 
ment with our laboratory investigation I would draw your 
attention to a recent discussion of mine’ at the Annual Con- 
vention which shows that our conclusions are very similar to 
Mr. Wood’s. 

C. L. Fortescue: Klydonograph is derived from two Greek 
words which mean wave and record. It is a device for mak- 
ing a record of surges. The klydonograph is a very simple 
instrument which consists merely of an electrode which is 
connected to the line through a potentiometer device, and meas- 
ures a voltage proportionate to the tension of the line. This elec- 
trode passes over a sensitized plate or film in contact with the 
insulated surface of a grounded plate. Now the oscillation 
passing over the line makes a record on this sensitized plate 
which, after development, shows a figure possessed of certain 
peculiarities. A figure for a positive wave in any direction is 
different from the figure for a negative wave, so that it is possible 
to tell what the polarity of the wave is. - One can tell whether 
it is an oscillating wave and, with certain arrangements, know 


7. A. I. E. E. Journat, October 1925, p. 1151 
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not only the character of the wave, but also the steepness of the 
wave fronts and the direction in which the wave is traveling. 
So, with this device, it is possible to obtain very complete in- 
formation about surges. 

The method of determining the amplitude of the wave con- 
sists in measuring the diameter of the figure. The diameter is 
very closely proportional to the actual amplitude of the wave 
within the range in which this measurement is useful. In other 
words, for the higher voltages where the surges are of some con- 
cern, the calibration is very close, within 15 per cent. 

The first klydonograph consisted merely of an ordinary sensi- 
tized photographie plate rotated under the electrode and the 
plate had dials which would register time on the record. The 
complete rotation occupied one day. This, of course, was not 
very convenient, inasmuch as the plates had to be changed every 
day. The present klydonograph is a much more suitable in- 
strument. It consists of the same arrangement except that it 
has a roll film which goes over an insulated grounded cylinder. 
The roll needs to be changed only once a week and provision 
can be made for longer or shorter periods as desired. 

Now, so far as possible, we are giving klydonograph service to 
those who have problems requiring investigation. We have 
about twenty of these seven-day instruments in operation. We 
have two experts whose work is devoted solely to looking after 
the instruments and giving this service. We have investigated 
quite a large number of systems in the east. 

Of course, in carrying out this work we aim to do our field 
work as much as possible during the summer months when we 
have lightning, ete., so that we have been able to make only a 
preliminary analysis of the results. The preliminary analysis 
shows that in no case were there any signs of high frequency, and, 
in fact, the highest frequency we obtained was something less 
than 30,000 eyeles per second. The duration of these surges 
is very brief. They don’t travel very far. They very quickly 
become damped so the bogey of sustained high frequency does 
not exist. We haven’t found it anywhere. Our experimental 
work has extended particularly over such portions of the United 
States in which lightning is very frequent and severe. 

Lightning has proved to be the most prolifie source of high 
voltages, but even lightning has caused nothing we need fear. 
The highest voltage hasn’t gone beyond the possibility of 
insulation. 

We expect to carry on this service to the best of our ability, 
but of course we are limited as to men and also as to number 
of instruments. On a large system it is pretty hard to do with 
less than a dozen instruments; to carry out investigations prop- 
erly, one should have more. 

We expect to do some theoretical work in the winter months, 
analyzing results of the investigations of the previous months; 
and we probably shall have to do some work on cable systems 
during the winter. Cable systems have been very free from 
surges and that, of course, from theory is what we expect. 
We wouldn’t expect to have the surges in eables due to effects 
outside, and surges from cables connected to outside lines don’t 
amount to anything at all. I don’t think that the trouble 
with cables can be attributed to outside sources. The troubles 
with cables are inherently inside the cables themselves; surges 
may come about due to the trouble in the cables, possibly. 

I may state that grounded-neutral systems have been very 
free from surges due to short circuits and other abnormal 
operations. 

J. H. Cox: Mr. Wood’s instructive paper leaves little to be 
said to lay the ghost of alarming abnormal conditions on the 
220-kv. lines of the Southern Galifornia Edison Company. As 
pointed out, the tests were sufficiently extensive to be truly 
representative of conditions on those lines. Since Mr. Wood’s 
paper tells the whole story so far as his system is concerned, it 
seems appropriate to present information gathered more re- 
cently with the klydonograph on other lines. 
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During the year 1925 surge investigations have been made 
on quite a number and variety of systems, both open-wire and 
eable. The causes of abnormal voltages on transmission lines 
may be classed under three headings, switching, short circuits 
and grounds, and lightning. 


Switching. For the most part the experience with surges 
resulting from operating activity has been much the same as 
that on the Southern California lines. Switching surges in 
general are less than two times normal in terms of crest voltage 
to ground. Only two types of operations caused higher surges. 
One of these was the opening of an idle but energized line on a 
15-mi., free-neutral line and caused surges as high as 4.3 times 
normal. The other was synchronizing with a high-voltage 
switch at the end of a 150-mi., free-neutral line. These surges 
reached a maximum of 4.6 times normal. 


Short Circuits and Grounds. Experience with short circuits 
and grounds on.other grounded-neutral systems has agreed 
with that on the Southern California Edison lines. No major 
surges on such lines have resulted from short circuits and grounds 
either accidentally or intentionally produced. Short circuits 
and grounds on free-neutral systems have, in general, produced 
high-voltage oscillations reaching a maximum of 4.5 times 
normal. These voltages were recorded on the two ungrounded 
phases in the case of a single-phase ground. 


Lightning. As would be expected, lightning has thus far 
proven to be the best generator of high-voltage surges though 
in the California Edison System high voltages due to this 
cause were absent. No differentiation is made by this source 
between types of systems but it varies widely with locality. 
In one ease a voltage of 1000 kv. to ground was recorded. Many 
other surges caused by lightning were recorded, ranging 
from 400 kv, to 700 kv. Some of these were oscillating and 
others unidirectional. The unidirectional surges were positive 
in polarity. The oscillating surges were usually recorded at 
times when an interruption was caused by the stroke. 


R. W. Sorensen: During the past twelve years I have 
been much interested in these line flashovers. Some of our 
first theories as to the cause included mechanical means, such as 
spider webs, dirt, soiled insulators, ete. As a basis of the spider- 
web hypothesis there were found many big spider webs attached 
to the lines and it was supposed that these webs might become 
wet and cause some of the flashovers. The possibility of these 
flashovers being caused by birds was also considered. But, at 
that time, there was never sufficient conviction to warrant the 
expense of erecting devices to keep the birds away from the 
towers as has been done recently. 


It is my endeavor in this discussion to encourage the idea of 
trying to solve our difficulties by doing simple things first, 
although it seems to be human nature to first apply complicated 
methods and later simple methods to problem solutions. One 
of the objects of engineering education should be to teach us, as 
engineers, to avoid a complicated method of attacking problems. 

It must be borne in mind that, although it has not been men- 
tioned in Mr. Wood’s paper, he is dealing with a line to which 
are connected transformers with delta connections so that on 
this line there is no probability of getting effects such as arcing 
grounds might produce on Y-Y connections if these connections 
are not properly supplemented with oar windings con- 
nected in delta. 


G. R. F. Nuttall: Perhaps it would not be out of place 
to mention the 220-kv. tie line between the Great Western 
Power Company and the San Joaquin Light & Power Company. 

The design and tests on the standard towers have just been 
completed and Mr. J. A. Koontz of the Great Western Power 
Company has taken particular care to shield all points on the 
towers so that no esrona will form near the wires. In order to 
reduce eccentricity in the joints,-it is better to placa the bracing 
in the cage of the towers alternately inside and outside. This 
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inside bracing ordinarily offers quite a sharp edge which is a 
point where corona might form. Therefore we have bolted a 
small angle to the outside brace which exposes its flat side to the 
wire. 

Mr. Wood mentioned that they used a dynamometer in 
stringing their cable. I wonder if we could have information as 
to the type used, as the spring type is unreliable at the higher 
tensions. 


I should like to present for discussion the question of insula- 
tion, not of the line itself but at the ends of the line. Mr. 
Wood’s paper has given us useful information on transient 


voltages and 220-kv. operation and I wonder what the manu-- 


facturers’ views are as to the rating of their bushings for oil 
switches and transformers. 


In the case of the Pacific Gas & Hlectrie Company and the 
Southern California Edison Company, I think I am right in 
saying that the A. I. E. E. ruling (Sept. 1922) has not been 
upheld. The switch bushing ought to be tested for 244 times 
the line-to-line potential which equals 495 kv. for 220 kv. opera- 
tion, and the transformers (three single-phase, auto-transformers 
with grounded neutral) at’an induced voltage of twice line-to- 
line potential plus 1000 which equals 481 kv. for 240 kv. at the 
sending end. 


L. N. Robinson: In connection with Mr. Wood’s paper, 
the most effective cure for the flashovers seems to be the bird 
guards. I wish Mr. Wood would give us a deseription of them. 


D. I. Cone: I wish to comment on a by-product result of 
Mr. Wood’s paper. The table on the seventh page and the 
oscillograms tells of the investigation of the normal residual 
currents of the system which were found to be without features 
that would aid in the explanation of transients. This record, 
if supplemented by data regarding the sizes of transformers, 
their characteristics and connections, will be of considerable 
value to the Joint’ Committee of the National Electrie Light 


Association and the Bell Telephone System, which is studying . 


the distribution of such residual currents in systems of this kind. 
A special project committee is doing work with a view to en- 
abling us to predict these residuals and their resulting induct- 
ive effects upon neighboring lines. 


Roy Wilkins: In the discussion on Mr. Wood’s paper the 
question is brought up regarding the insulation on the oil switches 
and bushings and transformers used on the 220-kv. line. The 
transformers and switches themselves are tested for 2.73 times 
the normal voltages to ground, the bushings at 2.25 times line 
voltage. There is before the Institute’s Standards Committee 
at the present time the proposition to change the requirements 
for the potential tests on grounded transformer equipment to 
some such value at.2.73 times line voltage. 


H. Richter (communicated after adjournment): The paper 
states that, on the small overhead networks, the transformers 
are of the type having a network protector in the same ease. 
This form of network protection has been abandoned on the 
two systems where it originated, because of faulty operation 
and lack of real protection. Experience shows that these de- 
vices are excellent transformer protectors but cannot be relied 
upon for network,—that is, service protection. I am rather 
inclined to ascribe the excellent record of 0.7 per cent trans- 
former burn outs mentioned on the seventh page to the lightning 
protection offered by the common system neutral, as empha- 
sized on the fifth page. As these protectors are so designed 
that they do not protect against trouble in the primary or 
secondary lines, their cost of about $3 per transformer-ky-a. 
makes a rather high insurance rate against transformer trouble. 
The substitution of carbon circuit breakers tripped by reverse- 
power relays in the underground area of Minneapolis’ is in line 
with the latest methods of network protection where real re- 
liability of service is demanded. 


In general it may be said that the loop method of primary 
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feed is particularly applicable to bulk loads of 3@0 kv-a. up and 
fed at the higher primary voltages of 11,000 voltsand above. This 
is because of the high cost of spare capacity in feeders and sub- 
station apparatus, high rupture capacity, loop-sectionalizing 
switches, and pilot-wire control. For underground areas 
where transformer banks, serving miscellaneous distribution 
loads, range from 75 to 300 ky-a. each and are spaced on the 
average 500 ft. apart (but may be up to a maximum of about 
1000 ft. apart) there is being installed in six large cities and planned 
for many others a very simple system of a-c. distribution. 
This is the secondary-network system with automatie network 
protection that was described by A. H. Kehoe® and by W. R. 
Bullard,® and that has been in successful operation in New 
York City for almost three and a half years. 

In this network system the feeders are radial, no primary pro- 
tective or sectionalizing devices being necessary. The second- 
ary mains are spliced together to form a solid mesh which re- 
quires no junction boxes, and a compact triple-pole network 
unit inserted in the transformer-secondary connections to the 
network protects for every type of fault that might interfere 
with continuity of service except failure of the prime source 
of power. Advantage is taken of the elimination of primary 
switches, cut-outs, and disconnecting potheads, to employ higher 
primary voltages such as 13,200 volts. Thus may be saved 
the cost of either station step-down transformers and lower 
voltage switches, or even of the entire substation. By limiting 
the feeder capacity to 150 amperes, each feeder can carry about 
3000 kv-a. and be confined to either a small or a large area de- 
pending on the load density. 

The system of multiple street lighting introduced in Minne- 
polis is undoubtedly a step ahead both from an operating and eco- 
nomic point of view. However, some electric service companies 
object to pilot wires for control and others to mercury switches. 
One manufacturing company has developed a system of control 
by a form of carrier current over the primary feeders. This 
dispenses with both of these features and also the reenergizing 
contactors. The switching units are sturdy, comparatively 
simple, will not be expensive, and are small enough to mount 
in the vase of an ornamental post. They can also be used 
in conjunction with a primary switch for controlling pole- 
mounting constant-current transformers feeding series lamps. 
The sender at the staticn is likewise simple and substantial. 
Further, there are practically no losses in the switching 
units. 

The system has had a successful trial equivalent to a year’s 
service. It is anticipated that this method of control, together 
with multiple street lighting, will be the standard street-lighting 
system of the future. 

R. J. C. Wood: There was a question asked about possible 
slipping of aluminum on steel with changes of temperature. I 
have given that matter quite a little thought and have come to 
the conclusion that there is no longitudinal motion between the 

5. Underground Alternating-Current Network, by A. H. Kehoe’ 
A. I, E. E. TRANSACTIONS, 1924, p. 844. ‘ 


6. A Study of Underground Distribution Systems, by W. R. Bullard, 
A. I. E. E. TRANSACTIONS, 1924. p. 856. 
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two metals. Imagine a piece of cable, steel inside and aluminum 
outside; somewhere it has two ends clamped together, so that 
the two ends cannot move with respect to each other. If you 
make it sufficiently hot the aluminum expands away from the 
steel, but in an actual line, the tension of the eable is sufficient 
to stretch the steel so that the aluminum does not become loose. 
In actual construction, I doubt if you will find separation of the 
aluminum from steel. They will act together as a unit with 
this exception: with changes of temperature the stress passes 
from one to the other. The hotter the metal, the greater the 
stress in the steel; the colder the metal, the more stress in the 
aluminum. 

In closing my paper: the design of the bird guards has been 
a matter of trial and error.. We equipped a portion of the line 
with what is known as Mr. Barre’s bird pans. The bird pans 
consist of a horizontal tray of metal lying on the lower member 
of the top crossarm, the idea being that it would form an efficient 
mechanical shield between the bird and the conductor. Appar- 
ently they have worked quite successfully, the only objection 
being that they are rather expensive, and unless they are very 
well anchored to the members of the tower, the ordinary vibra- 
tion sets them imitating big drums,so that there has been some 
complaint from real estate agents trying to sell property in 
the immediate neighborhood. 

There is another kind of bird guard which is simply an exag- 
gerated saw-toothed, galvanized iron, the points being perhaps 
1) or 2 in. apart and witha height of some 6in. so thatit isa very 
acute point which is not comfortable to the bird. These were 
fastened along the members of the tower for a distance of approxi- 
mately 5 ft. on each side of the center conductor. This line, 
by the way, is of horizontal construction, and similar pieces 
of metal were fastened to the sloping portion of the crossarm in 
the outer positions. 

When we first put up these bird guards as mentioned in the 
paper, we didn’t know what a clever fellow the bird was, and 
we put up one kind of a guard to protect the place we thought 
he was going to roost upon, but, driven out of there, he took 
the next best thing. He even went so far as to climb into a 
little piece of 6-in. channel which is underneath the main cross- 
arm, a piece only about a foot long, which is a part of the struc- 
ture from which the center string of insulators is hung. When 
prevented from getting on the main body of the crossarm, he 
flew underneath and got into this little cage place, so we have 
had to protect that too. 

Regarding the residual currents and the situation of the 
transformers and auto-transformers, the information Mr. Cone 
asked for can be given him, but it really will not be of very 
much use since it refers to a line which is not transposed. We 
have been trying ever since the line was built to find time to 
transpose the conductors, but we have never had time to take 
the line out of service and do this work. As soon as the third 
line is in, we expect to be able to take out the other two lines, 
one at a time, and transpose them. This will balance them, 
statically, against ground, and will reduce to a considerable 
degree that residual current. 
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Synopsis—At this time the power limit of transmission lines is a 
live subject and presents such complications as to require very careful 
analysis.. The paper points out the essential features to be con- 
sidered in a study of the problem, and calls attention to some out- 
standing results of an experimental investigation of the subject with a 
view to clarifying some of the points that have been under discussion 
in the past two years. 

It is shown that the problem of stability is not necessarily confined 
to long-distance, high-voltage transmission, but may be present in any 
system where the impedance of the transmitting circuit is high com- 
pared with the load to be carried. 

While the impedance of the transmission line and transformers 
plays an important part in establishing the breakdown point of a 
system, the characteristics of synchronous apparatus with the 
method of voltage regulation used are of equal importance. 

Itis shown that the synchronizing power of synchronous apparatus 
is largely dependent upon the field excitation at the time excess load is 
applied, that field excitation is determined by the circuit conditions 
under steady load, and, in order to provide for increase of excitation 
with increasing loads of considerable magnitude, some automatic 
means of controlling the field is essential. 

The rate at which mechanical load in large quantities can be added 
to a system is limited on account of the necessity of change in angular 
displacement between the generators and receiving bus; this changing 
angle requires relative speed change, which takes time. This fact, 
together with the inherent tendency of synchronous machines to 
“stiffen”? under sudden applications of load, makes it possible to rely 
on the usual vibrating-type voltage regulator working on the field of 
the exciter to provide the necessary field change. It is brought out 
that the maximum load that a system can carry under steady 
conditions at normal vollage can be suddenly thrown on, and the 
voltage regulator, with the assistance of the factors mentioned, will 
provide the necessary excitation. 

Voltage regulators are practically a necessity where tt is desired to 
approach, under operating conditions, the ultimate maximum 
power of the system. 
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Transient load changes that occur on the usual system, such as 
throwing on or off load, cutting in or out transmission circuits, etc., 
can be easily taken care of, providing such changes do not exceed the 
steady state limits of the system. 

The effect of short circuits depends upon their nature, whether 
three-phase or single-phase, and upon the location and duration. 
This subject is discussed briefly and the conclusion drawn that suc- 
cessful operation can be obtained under usual short-circuit conditions 
if adequate relaying is provided. 

The possibility of increasing the limit of power transmission ~ 
by improving the apparatus and the characteristics of the transmis- 
sion circuits is discussed, and it is pointed out that no. great develop- 
ment may be expected from any scheme yet proposed regarding a 
modification in line characteristics. With reference to the apparatus, 
it is possible to make some changes in the design of synchronous 
machines tending to ‘‘stiffen’’ them, such as higher saturation, larger 
air-gap, etc., but in general no radical improvement may be expected 
here that does not materially increase the cost and decrease the 
efficiency of the machine. Attention is turned therefore toward such 
schemes of regulation, or compensation, of the synchronous appa- 
ratus as would increase themaximum power. Among thesets the use 
of reactors for locally controlling power factor and thus too the field 
excitation of the more important synchronous machines. However, 
the possible additional power thus obtained is limited, and, as it 
now appears, other methods which have greater promise will be 
resorted to. 

The use of a mercury-are rectifier in the alternator field circuit 
seems to have great possibilities. By varying the field current in 
rigid proportion to the armature current, a very significant degree of 
compensation of the armature reaction is obtained—about 50 per cent, 
which is, of course, equivalent to almost doubling the inherent 
capacity of the generator. While this scheme ts not yet in practical 
form, its efficacy has nevertheless been demonstrated in factory tests, 
and it is regarded by the authors as one of the most promising 
developments at this time. 
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HE problem of power limits of transmission systems 

has within the last few years assumed importance 

in the study of long distance transmission of large 
blocks of power. Fundamentally there are no new 
elements entering into the use of long lines operating at 
high voltage that would be disturbing were it not for the 
fact that economic considerations require an approach 
closer to the maximum power which it is possible to 
transmit than has been the case in most of our existing 
systems. 

In general, the problem is not confined to long 
distance transmission, but is one that may be met at any 
time where the impedance of the circuit from the 
scource of power to the point of consumption is com- 
paratively high. There have been a number of isolated 
cases cited wherein the limit of stability has been 
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reached and synchronous systems have pulled apart, 
where no great distance of transmission was involved. 
The growth of power networks is now so rapid, with 
interconnections that will require transfer of such large 
amounts of power, that it is essential that the principles 
on which stability of operation depends be thoroughly 
understood. 

The rapidly increasing demand for electric power 
requires extensive development of our national resources 
with consequent growth of long distance transmission. 
The economical use of our water power, as well as mine 
mouth steam plants, makes it necessary to keep the 
investment in transmission lines as low as possible, 
which involves carrying the maximum amount of power 
feasible over each line with due regard given to con- 
tinuity of service. Matters of efficiency and regulation 
can be met by well-known methods and the question of 
the maximum amount of power that can be trans- 
mitted over a single circuit becomes one of stability 
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of the line with its connected apparatus. It is neces- 
sary, therefore, that all the factors entering into the 
problem be thoroughly well known and appreciated, as 
errors may be extremely costly both in investment 
charges and quality of service. 

While great stress has rightly been laid on the limit- 
ing effects of long lines as a determining factor in stabil- 
ity, it is nevertheless true that no general conclusion can 
be drawn as to the probable limit of power from data 
regarding the line alone. There are many other 
elements that assume varying importance with different 
lengths of lines, such as different characteristics of 
generating and receiving apparatus, different types of 
regulating devices, etc. 

The papers? that have been read and the discussions 
that have taken place on this subject during the past 
few years have shown such varied viewpoints that one 
who has not made a special study of the subject may 
easily be confused as to what the real problem is and its 
practical importance to the industry. 

It is the purpose of the authors to outline the under- 
lying considerations of the problem, with particular 
reference to the factors which determine power limits 
under various operating conditions, and to cite a few of 
the more significant results of an extended investigation. 
The details, both of the methods of analysis and of the 
calculated and test results, will be presented in forth- 
coming papers. In other words, the present paper is, 
to a great extent, merely a statement of the problem, a 
discussion of the factors involved, and an indication of 
the direction in which the investigation is leading. 

Most of the studies of stability of transmission sys- 
tems that have been made have been on lines of from 
300 to 500 miles in length designed to operate at 220 kv. 
This fact has led, in some cases, to the erroneous im- 
pression that there is something inherent in the use of 
220,000 volts for transmission purposes that may limit 


the amount of power which may be transmitted with — 


stability. It should be borne in mind, however, that 
there is a definite limit of power which may be trans- 
mitted over any system regardless of voltage or length 
of line and it is just as possible to encounter unstable 
conditions in a line one mile long, operating at low 
voltage, as it is to encounter it in a long line at high 
voltage. It is merely a question of how close to the 
power limit normal operation may bring us. 

With a given installation of synchronous apparatus, 
the amount of power that can be transmitted over a 
connecting circuit is, generally speaking, decreased by 
increased impedance and vice versa. With the growth 
in capacity of some of our large steam generating sys- 
tems, requiring extensive use of power limiting react- 
ors, it is necessary to take the matter of stability into 
account and avoid the possibility of too much reactance 
between large generating stations or even sections of 
the same station. There are a few well-known 
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cases on record where the power limit has been 
reached between stations and loss of  synchro- 
nism with consequent shutdown has resulted. This 
has occurred in systems operating at all voltages and 
varying lengths of connecting lines. 

The stability problem, then, is not an entirely new 
one, though cases of trouble from this source have been 
sufficiently isolated and of such a special nature as to 
cause little stir among operating engineers. 

On extremely long high-voltage lines there is another 
factor in addition to high impedance that has a tend- 
ency to limit the power to be transmitted with a given 
synchronous installation. The charging current of such 
lines becomes quite an item and, contrary to that which 
might be expected, may reduce the maximum power. 
This is brought about from the fact that, although 
the charging current reduces the effective impedance of 
the line, it also lowers the necessary excitation on the 
synchronous apparatus by reason of the higher power 
factor. This feature will be discussed later in greater 
detail. It is practically the only factor in long high- 
voltage lines tending to affect stability that may not be 
present in short low-voltage lines. 

The matter of charging current may also become 
important in underground transmission, especially if the 
voltage of cables is raised materially. While this 
problem is not before us just now, the tendency toward 
higher voltage underground may place it there in the 
future. 

An analysis of the problem of the determination of the 
limit of power on a given system involves a close study 
of not only the characteristics of the transmission line, 
transformers, generators, exciters, synchronous con- 
denser and receiving load, but the method of operation 
and system of regulation as well. 

The phenomenon of breakdown of a synchronous 
motor operated from a bus of large capacity is pretty 
well known. If the shaft load of such a motor is gradu- 
ally increased it will finally reach a point at which no 
more electrical power can be supplied to the motor, 
even though the bus voltage remains constant, and the 
motor will drop out of step. The amount of electrical 
power which can be supplied to the motor at a given 
voltage depends upon its internal impedance and its 
excitation at the time the load is applied. If the exci- 
tation remains constant at its no-load value, breakdown 
will occur at a much lower load than if the excitation is 
increased. 

A synchronous generator functions in a manner 
similar to a synchronous motor and can be driven out of 
step with the bus, if a prime mover of sufficient capacity 
is connected to it. The amount of shaft power 
necessary to drive the generator out of step with 
the bus depends upon its internal impedance and 
the excitation at the time. iB 

If a synchronous generator is used to furnish power to 
a synchronous motor of the same size and characteris- 
tics, and with excitation on each machine correspond- 
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ing to no-load normal voltage, then when the shaft of 
the synchronous motor is loaded, both will drop out of 
step at a value of load that is approximately one-half of 
that which either would carry if connected to a bus of 
the same voltage and of infinite capacity. This is due 
to the fact that their impedances are in series and of 
twice the value of a single machine. As the motor is 
gradually loaded, it drops back in phase position with 
respect to the generator and drops out of step ata 
definite angle. 

Going a step further, if a synchronous generator is 
used to supply power to a synchronous motor through a 
reactor or over a transmission line, there will likewise be 
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a definite breakdown point which, at a given excitation 
on each machine, will be less than before the reactor or 
transmission line was inserted. This is, of course, 
obvious, as the line or reactor causes in itself an added 
impedance drop and an added angular displacement 
between the generator and synchronous motor. In 
other words, the power first appears in electrical form at 
the generator, then successively passes through inter- 
mediary apparatus including transformers and line 
and finally through the motor. That is, it passes 
through a succession of electric circuits in each one of 
which, including the generator and motor, the power 
flow causes an impedance drop. This changes the 
magnitude and displaces the phase of the voltage as 
shown in Fig. 1. In the simple case considered, the 
components of impedance drop add in series, produc- 
ing a total displacement between the internal, or 
nominal, voltage® of the generator and the internal 
voltage of the motor. The maximum power in this 
case is proportional to the product of these two volt- 
ages, 7.e., the field excitations, inversely as the total 
impedance between them, and occurs when they are 
displaced by a definite angle which is usually less than 
90 deg. 

The matter of excitation as noted above is thus one 
of the greatest importance in the problems of maximum 
power limit. Indeed, on short lines the difference 
between the breakdown point with no-load normal 
voltage excitation and with full load 0.8 power factor 
excitation may be as much as 100 per cent. 


3. Corresponds to the value of field excitation. 
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At first glance, it may seem a simple matter to pro- 
vide sufficient excitation to obtain high synchronizing 
force in the synchronous apparatus, but it is really a . 
rather complicated problem. The excitation for any 
given voltage at the terminals of an alternator depends 
upon the power factor of the load. As mentioned 
above, in the case of the alternator driving a synchro- 
nous motor of equal size, there is no leeway at all in the 
control of the total field excitation of the two machines, 
if the terminal voltage-is held constant. A reduction 
in the field excitation of the synchronous motor will 
require an equal addition in the field of the alternator 
and while oneis weakened the other is strengthened a 
similar amount and no gain results. 

In the case of long-distance transmission lines it is 
desirable, so far as the line is concerned, in order to keep 
the losses and regulation of the line at a reasonable 
figure, to deliver power at the receiving end at a high 
power factor. This results, however, in a high power 
factor on the generators at any given load and conse- 
quent lessening of their breakdown capacity. As a 
matter of fact, some loca! low power factor load on the 
bus at the generating end of a long-distance transmis- 
sion system may actually increase the maximum power 
possible over the line by increasing the generator 
excitation. 

In this connection it will be noted that a high power 
factor load is actually a detriment in so far as it affects 
synchronizing power, and it is certainly one of the 
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SyncHronous Motor Loap ASsuRED. 


phenomena that should be taken into account in the 
design of a long distance transmission system. It may 
come as somewhat of a shock to many engineers who 
have not made a close study of this problem, to learn 
that the inherent charging current of a long high-voltage 
line actually reduces the maximum power that can be 
transmitted with respect to that which could be carried 
over a line of similar reactance without charging current. 
The authors have made actual studies showing that 
more power could be carried over two high-voltage long- 
distance lines in parallel than over three with a given 
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installed generating capacity. This is merely an illus- 
tration of the effect of reducing the excitation on the 
generators by the excess charging current of the third 
line in a case where the impedance of the generators is 
an important factor. 

Fig. 2 will serve to illustrate this point. It will be 
noted that for the 250-mile, 220-kv. line considered, 
there is a definite relation between the installed syn- 
chronous capacity and the number of transmission 
circuits that will give maximum power over the system. 
In the case of 300,000-kv-a. synchronous capacity of 
usual design at each end of the line, three circuits will 
carry approximately 200,000 kw., while five circuits 
will carry only 160,000 kw. and nine circuits, no power 
whatever. This effect would be still more pronounced 
in the case of a 500-mile line. 

It has been suggested that the bus at the generating 
station end of the line be loaded with reactors to allow 
the transmission line a high power factor load but to 
lower the power factor on the generators themselves. 
This would increase the excitation and thus the maxi- 
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mum power that could be taken from the system. 
This plan shows some real possibilities and under cer- 
tain circumstances may be employed, although there 
are other methods of obtaining similar results that may 
be used to better advantage. 

The authors wish to again emphasize the very great 
importance of the excitation problem as a factor in 
stability of synchronous machines. Its importance has 
been recognized before by the authors of previous papers 
on this subject, but it has not been given quite the 
prominence that we feel it deserves. Were it possible 
to absolutely control the field current of synchronous 
machines as desired, the problem of stability would be 
very much simplified. 

With the importance of field excitation in mind and 
the knowledge that under fixed conditions of load, 
voltage, and power factor, the strength of the field will 
also be fixed, it will be seen by reference to Fig. 3 that 
only a small increment of load may be added without 
breakdown unless the field excitation is changed. For 
instance at power p, corresponding to field current 73, 
and normal voltage e, it would be possible to increase 
the load about twenty per cent, or if operating at power 
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Px, excitation 7,4, the possible increase would be only six 
per cent. If means are provided, however, to auto- 
matically increase the excitation as load increases, the 
maximum power could be increased to .p;, which is 
the ultimate maximum that could be transmitted at 
normal voltage. This maximum could be reached 
regardless of what load was being carried at the time the 
increased load came on. 

The authors of some of the early papers laid con- 
siderable stress on the point that voltage regulators in 
general use, while tending to follow the load require- 
ments by increasing the field current as needed, were 
entirely too slow to do so adequately when the time 
transient of the exciter was taken into account. The 
argument looked entirely reasonable when it was sug- 
gested that increased load might be thrown on instantly, 
as by dropping off a large turbine generator at the 
receiving end—thus dropping its load on the transmis- 
sion line. Fortunately there are compensating features 
in the characteristics of the system, and the linkage 
between the armature and field of the alternator make 
it possible for the ordinary vibrating type of voltage 
regulator and a properly designed exciter to supply the 
needed excitation at any rate at which load can come on 
to the line and generating station. . 

The explanation of this phenomenon which the 
authors feel is of the greatest moment lies in two 
important facts: first, that large blocks of system load 
cannot be thrown on the generators instantly, as the 
angle between the generators and receiving apparatus 
must increase—this requires a slowing down of the 
receiving system which, of course, takes time—and 
second, as load comes on the generators, the sudden 
increase in armature current induces a field current 
tending to hold them in step. These two phenomena 
consume sufficient time to allow voltage regulators and 
exciters to function, furnishing the necessary field cur- 
rent to maintain voltage at the greater load. A more 
detailed discussion of this point will be given later on. 

This point brings out the very great importance of the 
use of voltage regulators in a long distance transmission 
system, as the maximum load safe to carry over a line, 
from the standpoint of stability, will be increased in 
some cases more than fifty per cent by their use. This 
important consideration, in the authors’ opinion, has 
had practical demonstration in some existing systems 
that have operated for some years without difficulty — 
from lack of stability. Many cases that have come to 
our attention would be on the ragged edge, if not 
impossible to operate, without voltage regulators. 

The foregoing discussion covers, in a general way, the 
simple case of a generating station feeding a synchro- 
nous load approximately equal in kv-a. capacity. For 
such a case the maximum power is easily calculable and 
there are no serious problems when the matter of excita- 
tion and regulation are understood and properly pro- 
vided for. 

When complications arise, such as the generating 
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station feeding more than one independent transmission 
line or when the receiving end is a network with generat- 
ing capacity and load of its own, the problem becomes 
difficult. In general, the more synchronous apparatus 
there is connected to either the generating or receiving- 
end bus, the more nearly will the maximum power 
limit of the line itself be approached, because the 
condition of infinite buses is being approached. 
Generating stations tapped into the middle of a 
long line, or synchronous condensers of large capacity 
used either at the receiving end or in the middle of 
the line, increase the maximum power that can be 
transmitted over a given system. The calculation of 
the actual power limits in such cases becomes very 
complicated. 

During the past year the authors, in conjunction with 
other interested engineers, have been carrying on an 
extensive series of tests in the General Electric Company 
factory on.an artificial transmission system equipped 
with synchronous generating and receiving apparatus, 
synchronous condensers, voltage regulators, trans- 
mission lines, adjustable as to the length, characteristics, 
etc. . With this equipment it has been possible to set up 
almost any combination of conditions that might obtain 
in a practical installation and to vary the characteristics 
of individual pieces of apparatus in any way that might 
show promise of interesting results. 

The experimental work on this artificial system has 
been paralleled by mathematical analysis throughout 
and not only has a mass of valuable data been obtained 
showing the effect of modifications in design or opera- 
tion of the equipment under varying conditions, but 
methods have been developed which the writers feel 
will be of great assistance in the solution of any practical 
problem. The results of this comprehensive investiga- 
tion, which is now being completed, will be published in 
the near future. 


In the foregoing, the larger aspects of the problems 
which have arisen in connection with the development 
of power transmission in this country have been 
discussed in a general way, and the situation has been 
outlined as it exists today with respect to the use of 
standard apparatus. In that which follows, the problem 
of possible future increase in power limits will be stated 
and analyzed in terms of the various factors which 
determine the present limits, and possible solutions will 
be suggested. 

INFLUENCE OF SYNCHRONOUS MACHINES 

As already suggested, in those problems in which 
stability is a practical factor, the outstanding fact is the 
usually predominating influence of the impedance of the 
synchronous apparatus. For illustration, consider a 
500-mile straight-away transmission line at 220,000 
volts. If there were no power limitations in the elec- 
trical apparatus at the ends of the line (the conditions 
usually referred to as “infinite bus’), the power limit 
of the system, 7. e., of the line itself, would then be about 
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130,000 kw. With synchronous apparatus of the usual 
design and of the usual capacity with respect to the 
power to be transmitted, the limit becomes about 
70,000 kw., or practically half. This point may be 
further emphasized by the fact that a few actual 
proposals have been studied in which the line, less than 
a hundred miles long, was practically a negligible 
factor. Hence the power limit is imposed in such cases 
largely by the impedance of the synchronous machines. 

When this fact was first encountered, a number of 
plans for increasing the maximum power of the system 
were suggested, but much of the promise of success 
disappeared upon analysis. Larger generators might 
be used, but that was too costly. Another line might 
be added, but that was not only costly but, in the long 
lines, it actually decreased instead of increased the 
maximum power. Studies have been made of the use of 
series static condensers in the line of sufficient size to 
neutralize, at least partially, the reactance of the line 
and transformers. Theoretically, there are great pos- 
sibilities in this scheme, as the total reactance of a line 
of any length can be reduced to a negligible value. The 
present high cost of condensers, together with certain 
difficulties of operation, render this plan out of the 
question for the present but it is one worthy of further 
attention for engineers studying this subje¢t. A 
scheme! was proposed for decreasing the reactance and 
increasing the capacitance of the line, but although 
this might improve the line regulation, it did not gain 
favor, partly on account of the difficulty of construc- 
tion, but principally becauseit would further weaken the’ 
generators by increasing the charging current. Anexciter 
which would respond very quickly to the voltage regu- 
lator might, it seemed, strengthen the generators and 
thus increase the ultimate maximum power at normal 
voltage, 2. e., greater than p; (Fig. 3); but it was early 
recognized that this could not be accomplished by such 
an exciter and vibrating type regulator. Such regula- 
tion makes it possible, as already mentioned, to carry 
the ultimate maximum, corresponding to p; in Fig. 3, 
even if this is thrown on the system suddenly—but not 
significantly more than that. Thus, when all of the 
above proposals have been analyzed, the situation is not 
far different from the starting point with respect to 
increasing the ultimate maximum power under steady 
operation at normal voltage. 

Yet this is what must be done, if it is hoped to 
transmit power over long lines—500 miles or more— 
in synchronous operation. There may be some other 
and better way to do it than in synchronous operation, 
but, if the latter is to be retained, the problem of in- 
creasing the maximum power reduces to one of stif- 
fening up the synchronous apparatus. 

Thus, the problem to which a number of interested 
engineers have been directing their attention has been 
along two general lines. One has been to “‘stiffen” the 
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synchronous apparatus, and thus approach the power 
limit of the line itself. The other, perhaps looking 
considerably to the future, has been toward finding 
some other means than synchronous operation. Re- 
garding the latter, however, there is little of interest, to 
the authors’ knowledge, other than that such studies are 
being made. In the light of the past growth and the 
probable future, such limits as that even of the line 
alone, cannot, of course, be accepted as final. Hence 
the situation demands such studies. However, the 
hope of the immediate future lies in the other direction 
—in finding such modifications and auxiliaries in con- 
nection with present synchronous apparatus, including 
the synchronous condensers, as will make possible 
a nearer approach to the power limit of the line alone. 

The problem of stiffening the synchronous apparatus 
has been attacked along two general lines. One relates 
to schemes of regulation of the more important syn- 
chronous machines, the other, to modifications in 
design, which, in effect, would result in machines of 
higher inherent power capacity—that is, lower reactance. 
The former include the regulation of the field current, 
the use of shunt inductances across the generator 
terminals, and any other schemes which would apply 
to regulating currents from an exterior source. On the 
other hand, to lower the reactance of the machine itself 
is, of course, a problem in the design. 


CONDITIONS OF OPERATION 

Before taking up in detail the questions of design 
and regulation, it is well to consider the conditions of 
operation which affect the problem of maximum power. 
The study of this problem resolves logically into the 
consideration of two conditions of operation. In one, 
technically referred to as steady state, all forces involved 
in the entire system are in stable equilibrium. The 
power flow is everywhere steady, and in the apparatus 
the voltages, field excitation, magnetic flux, etc., are all 
constant. Everything is balanced and steady. 

In the other, referred to as transient state, conditions 
are changing. Power flow, speed, magnetic flux, volt- 
age—all of these are in a state of change. 

Now the maximum power which can be transmitted, 
and, to a limited extent, the amount which it is neces- 
sary to transmit, depend upon the state. If, during 
steady state operation, a load is suddenly thrown on, or 
a loaded generator is dropped, or a short circuit occurs, 
a readjustment or transient must follow in speed, power, 
voltage, magnetic flux, etc., before steady conditions are 
again established. During this change, the synchro- 
nous apparatus all becomes inherently more powerful, or 
“stiffer,” than in steady state, as explained under tran- 
sients, but, due to possible “‘overshoot” of power on the 
swing of load following the shock, the power which 
must be transmitted may also be increased above that 
required after the system settles down. If a weight 
attached to a spring is suddenly dropped, thus stretch- 
ing the spring, it will drop, on the first swing, not to the 
steady state position where the spring tension equals the 
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pull of gravity, but will overshoot, throwing additional 
tension on the spring. If we imagine the stiffness of 
the spring to increase temporarily during this transient 
state, the analogy with the present problem would be 
fairly complete. The maximum power which can be 
carried is temporarily increased, but the amount which 
it is necessary to carry is also increased. 


STEADY STATE 


The steady state operating characteristics of a genera- 
tor supplying power to a transmission system are shown 
on Fig. 3. It will be noted that as the field current, 
shown as parameter, is increased, the maximum power— 
7. €., the limit of stability, where the slope of the voltage- 
power curves is infinite—is progressively greater, and 
occurs at successively higher voltage as indicated by 
the line mm. Hence there is a particular value of 
field current, 7, for which the maximum power occurs at 
normal voltage. This is obviously the ultimate 
maximum which the system can carry at normal volt- 
age. While a still greater field current 7; would give 
greater maximum power, it would nevertheless occur 
at a voltage higher than normal. 


INFLUENCE OF FIELD EXCITATION 


In Fig. 3 it will be noted that operating at power p, 
and at normal voltage e requires a field current 73. 
If the power were increased to p» without changing 73, 
the system would break out of synchronism, since the 
maximum power with 7; is less than p». Thus, when 
any system is operating as near the limit as in the above 
illustration, the field current must be promptly increased 
as the load is increased, to hold the voltage along the 
line ee. The question of the rate at which load can be 
applied, as well as other transient conditions, will be 
discussed later. The point to be observed here is that 
the degree of stability is indicated by the slope of the 
voltage-power curve; that the maximum power is 
greater, the greater the field current, and occurs at an 
ever higher terminal voltage; and that there is there- 
fore one field current 7, for which the maximum power 
occurs at normal voltage. And this is the ultimate 
maximum which can be transmitted under steady state 
at normal voltage. 


It may be further stated as a very important fact 
bearing on the characteristics of synchronous generators 
that, roughly, the greater the field current at the same 
voltage, the greater the stability and maximum power, 
regardless of what means are used to obtain the larger 
field current. Thus, to lengthen the air-gap of the 
machine or increase the degree of magnetic saturation, 
or decrease the power factor of the load by connecting 
across the terminals a shunt inductance—any of such 
measures will require more field current at the same load 
and voltage, and therefore improve the stability and 
maximum power. 

The steady state characteristics of synchronous con- 
densers are, of course, very similar. These comprise a 
set of curves of the same general form as those in Fig. 3 


978 


and involve the same quantities, except that the 
abscissas are reactive kv-a. instead of active power. 
Similarly, the maximum value of reactive kv-a. which 
the synchronous condenser can deliver is progressively 
higher and occurs at successively higher voltage, as the 
field current is increased. 


PARALLEL OPERATION 

In both of the above cases, the characteristics are for a 
single machine. Suppose, for instance, that three or 
more generators, instead of one, are connected to the 
bus. Then what are the characteristics? If the units 
are all alike, including the governor characteristics of 
the prime movers, and the excitation currents of all 
units are kept equal, then a similar set of characteristics 
as in Fig. 3 could be drawn, taking field current as 
parameter. These would represent the voltage-power 
characteristics of the bus. In the successive steady 
state conditions after increments of load are added, the 
governors have placed correspondingly more power, the 
regulators correspondingly more field current, on all 
machines. So they all reach their respective power 
maximum at the same value. 

However, if the units are different, additional para- 
meters are necessary—the governor characteristics and 
settings for all prime movers, and also the distribution of 
field current on the several generators. Under this 
condition, the units do not reach their respective 
maxima at the same total load. Thus, when there 
are a number of units in parallel, the steady state hmit 
of the combination is a function of the distribution of 
load and of field excitation, and also of the governor 
characteristics. And there is an optimum distribution 
which gives the greatest power, and this is such that 
all reach their respective maxima at the same total load. 

The same is true of a number of branches of a power 
network connected to the same bus. Each branch may 
be from a power bus such as just discussed, involving 
the parameters mentioned. So while the problem of 
the extended combination is, of course, still definite, 
it is nevertheless greatly complicated by additional 
parameters. 

So, in general, systems under steady state operation 
can be characterized by such curves as shown in Fig. 3. 
As generators are added, the slope of the curves becomes 
less, reaching zero with an infinite generator capacity. 
Up to three or four branches the characteristics are 
amenable to reasonably definite calculation. Beyond 
that, resort must be made to simplifying approxima- 
tions or equivalent circuit tests. Methods of calculat- 
ing the simpler cases of steady state conditions have 
been published’. Extensions and additional methods 
will be presented in the near future. 

TRANSIENTS 

In transient conditions, many factors, in addition to 
those which influence steady state operation, are 

5. Group of papers and discussion by Edith Clarke and C. A. 


Nickle on this subject presented at the Midwinter A. I. E. E 
Convention, Feb. 1924. 
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brought into play. Among these are the momentum 
of rotating masses, and the time element in both the 
electromagnetic circuits and in the governors. 

Sudden Application of Load. In Fig. 4, if load is 
suddenly thrown on the shaft of the motor, the electrical 
power to the motor can not increase until the motor 
drops back in phase, which requires a temporary drop 
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in speed. This means that the initial increased demand 
was partially supplied from the momentum of the mo- 
tor, causing the electrical power supply to increase more 
gradually, thus lessening the shock to the system. 
Moreover, the load which first falls on the generators is 
initially supplied from the momentum of the rotors, 
until the speed drops, after some oscillation, to that value 
at which there is balance, determined by the governor, 
between mechanical input and electrical output. Fig. 4 
shows the transients for an analogous case as indicated. 
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These curves were obtained by three methods: one by 
the oscillographic scheme proposed by C. A. Nickle, 
referred to later, another by mathematical calculation, 
and the third by actual test. 

Dropping a Generator. Referring to Fig. 5, with the 
line section switch closed, and with the following 
distribution of load, suppose the switch on generator — 
No. 4 is opened: 


Synchronous motor No.3.......... 400,000 Kw 
Generator ING. He ae eee ee LOO000n 
GeneratorINow2s an same tee eine 280,000 ‘* 
GeneratoriNo. 47206 err oe 200,000 ‘‘ 


6. “Oscillographic Solution of Electromechanical Systems’, 
by C. A. Nickle, A. I. E. H. Conypntion: Saratoga Sprines: 
June 22-26, 1925. 
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Fig. 6 shows the nature of the resulting transients. 

At first, the power flow and the electromagnetic 
torque of the various units are quite independent ot the 
torque on the shaft of either the motor or generators 
which is determined completely by the electrical con- 
stants of the system, since due to the inertia of the 
rotating masses, the relative-phase positions of the 
rotors remain, for the moment, what they were before 
the switch was opened. After a transient, the system 
settles down to power conditions as determined com- 
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pletely by the governor on the prime movers. Thus, 
in the first moment the power flow is determined by the 
constants of the electrical circuits, and in the last, by 
the governors. 

Switching out a Section of Line. Another case is that 
in which a section of line is suddenly opened, as indi- 
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cated in Fig. 5. The load distribution is the same as 
above, except that Generator No. 4 is disconnected. 
This sudden interposition of added reactance requires a 
phase adjustment which does not increase the steady 
state load on-the system, but it does cause a power 
oscillation which usually overshoots the steady state 
value. This contains all of the transient elements 
discussed above, and is illustrated in Fig. 7. 

During the above transients, the time elements of 
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both the governor and the magnetic fields play a part. 


After load is thrown on a unit, it is a matter of seconds 
before the governor becomes adjusted to the new 
condition. Hence, regardless of the sudden load, the 
flow of water, or steam, as the case may be, is practically 
the same as before, and in studies of what happens in 
the first second or so, constant flow (not constant 
torque) is usually assumed. 

The magnetic flux linked with the alternator field 
circuit also does not change in the first moment’. The 
armature currents due to sudden load automatically 
induce a corresponding m. m. f. in the field to sustain 
constant flux linkage. If there is no voltage regulator, 
the flux gradually dies down to steady state conditions, 
but during the meantime the reactance of the machine 
is less. It starts as transient reactance of relatively 
low value, which includes armature and field leakage, 
and ends as synchronous reactance, which is of relatively 
higher value and which includes armature leakage and 
armature reaction, but not field leakage. As already 
mentioned, this inherently stiffens the machine in the 
first moment. In other words, to speak of the spon- 
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taneous rise in alternator field current following a 
shock, whether it is a short circuit or a sudden applica- 
tion of load, or to say that the transient reactance 
applies, is merely to refer to the same phenomenon in 
different terms. 

If there is a voltage regulator, then, as previously 
mentioned, it is a race between the rate at which the 
load comes on and rate at which the exciter can build up. 
As mentioned before, the combination of circumstances 
attending transients of this character are favorable in 
this connection. The alternator field current tends, 
by itself, to increase sufficiently to maintain constant 
magnetic linkages in the field circuit. So, the machine 
is not dependent, in the first moment of a shock, upon 
the exciter to increase the field. It does this itself, 
and the current tends to hold up for an appreciable time. 
This gives the exciter a chance. The period of oscilla- 


7, “A Simplified Method of Analyzing Short-Cireuit Prob- 
lems’, by R. E. Doherty, Trans. A. I. E. E., Vol. XLII, p. 841, 
1923. 
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tion of a system is of the order of une second, which 
means that the peak of the first overshoot in power 
would usually occur in about a half second. It is in 
this swing that the inherent field current rise, or the 
transient reactance, saves the situation and gives 
the exciter voltage a chance to reach the proper level 
by the time conditions have settled. And as already 
pointed out, the standard design of exciter has, in 
many cases, sufficiently low time element to adequately 
meet this condition. Where special attention is re- 
quired in making the exciter more responsive—perhaps 
in the large, slow speed exciters—there are a number of 
ways in which this might be accomplished. The most 
obvious, and perhaps the simplest, is merely to decrease 
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the duration of the transient in the same way the 
transient is shortened in any inductive circuit—by 
decreasing the value of the time constant L/R. 

Such measures, if necessary, would apply to the larger 
exciters of low rotative speed—that is, machines of 
large volume. These have higher time constants 
because they have greater masses of copper and iron. 
To illustrate how these factors are related, Fig. 8 gives 
a number of points representing actual exciters over 
large ranges, showing the time constant plotted 
against kw./rev. per min., which, at given magnetic 
and current loadings, represents volume. It will be 
noted that these points lie well along the average curve. 
The exciters used in the tests fall at the points ba, 
bea sand.b har’ 

Another and perhaps more efficient way of meeting 
the situation is to use the “series exciter’’ in the excita- 
tion circuit. This functions merely as a negative re- 
sistance, and thus neutralizes the effect of the ohmic 
resistance of the alternator field circuit. If it were not 
for the latter, the field flux of the alternator during a 
sudden swing in load would remain constant—that is, 
there would be no tendency for flux decay. So the 
alternator transient is lengthened by the extent to which 
the resistance is thus neutralized. This gives the shunt 
exciter a longer time in which to build up. Fig. 9 
shows how the alternator field transient is lengthened 
by the series exciter. The total ohmic resistance was 
adjusted to the same value in either case. 

Short Circuits. Short circuits are one of the most 
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serious kinds of transients. This transient also calls 
into play all of the factors mentioned above. A three- 
phase short circuit on a branch of a system not only 
disturbs both tne power and the magnetic balance of 
the generators, but also completely isolates the branch 
from the rest of the system until it is cleared. Loss of 
synchronism is usually expected in such cases. 

A single-phase short circuit (which most of them are’) 
is not so serious, in that power flow is possible through 
the other phases past the point of short circuit. Whether 
the parts of the system break synchronism depends, 
among other things, upon the load at the time, the 
momentum of rotating masses, the duration of the short 
circuit, the electrical power transfer during the trouble, 
the restored voltage when the short circuit is cleared, 
and the amount of “induction motor” torque in the 
synchronous machines. 

Long experience on existing systems is the most 
promising aspect of this question. Although now and 
then a case is reported where loss of synchronism fol- 
lows a single-phase short circuit, it is rare where ade- 
quate relays with short time setting are used. This is 
a fact which cannot be overlooked in considering 
this important question. Calculations are usually 
made on the basis of conservative premises (as they 
should be) until basic data are complete; but even if 
such calculations indicate that loss of synchronism 
might occur oftener than good service could withstand, 
it must be remembered that experience rather indicates 


4.75 Miles 14.11 Miles 


10—TrRaNsMISsION NETWORK 


Fig. 


the opposite. This is a problem on which sufficient 
detailed operating data have not been accumulated to 
afford adequate bench marks for calculation; and until 
this is accumulated, estimates must be no better than 
the premises on which they rest. Meantime, judgment, 
which is based on experience and such calculations as 
are possible, must be used in proposed undertakings... 

An idea of the power oscillations following a single- 
phase short circuit at X on the system shown in Fig, 10 
is givenin Fig.11. This is for a case in which the short 
circuit remains on the system, and the prime mover 
power is practically constant. 

Many cases of transients similar to the cases referred 


8. Particularly on high voltage systems in which the con- 
ductors are arranged horizontally. 
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to apove, in which direct calculation is hopeless and 
step-by-step process is extremely difficult and often 
hopeless, can be effectively studied by Nickle’s 
method, referred to above. In this, an equivalent 
electric circuit—involving no rotating apparatus— 
solves the equations, and the oscillograph plots the 
results. 

With reference to all of the foregoing discussion of 
transients, while they may be much more difficult to 
solve than problems on steady state, methods of practical 
estimate and calculation are nevertheless available 
excepting for single-phase short circuits: but here it is 
less a question of method than of premises. Where 
direct mathematical methods fail, graphical methods 
can be used, as illustrated in the step-by-step processes 
devised by Bush and Booth.’ Beyond this lies Nickle’s 
equivalent circuit method. 


DESIGN 


When the best estimates now available are made, it is 
found that, on the whole, the problem of increasing the 
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maximum power under all conditions of operation is 
principally one of designing apparatus and accessories 
that will give the greatest possible stability. It has 
been observed that this problem of stiffening the syn- 
chronous machines has been attacked along two lines, 
one relating to the design of the synchronous apparatus 
itself, the other to regulating schemes. 

The problem of the designer of synchronous apparatus 
is to go to the limit in increasing the ratio of the field 
strength to armature strength, to the end that the arma- 
ture reaction due to the load shall have the least pos- 
sible effect in distorting or decreasing the magnetic 
field. The object thus sought is usually referred to, 
whether properly or not, as low synchronous reactance. 
From the discussion of field excitation under steady 
state, it follows that it is desirable to design the syn- 
chronous machines so that they will require at all times 
and loads as near as possible the field strength required 
by the maximum load, and to have this, in turn, as 
great as heating limits of the field will permit. Then, 


9. ‘Power System Transients,’’ Bush and Booth, Journau 
J. E. E., p. 229, March 1925. 
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whatever the load, the machine is better prepared to 
take an additional load. 

It is important to observe here that many generators 
for the usual commercial load of lagging power-factor 
are already designed to such a limit. These other 
measures for increasing the required field current are 
necessary in the present problem, because the power 
factor on long distance transmission lines is usually 
nearer unity than the ordinary commercial load, and 
therefore requires lower field excitation than the usual 
system load. In other words, what is thus attempted 
in design modification is, in reality, only to increase the 
stability or stiffness of the synchronous machines 
under this special condition of operation to that 
which it already possesses under the usual condition of 
lagging power factor operation. 

The present problem, nevertheless, often demands 


- more inherent stiffness than can be obtained by the 


above measures. This addition can be had only by 
increasing the size of the machine, which, of course, is 
both expensive and inefficient. 

So the best that can be accomplished along the fore- 
going lines is hardly a satisfactory solution. It is an 
approach only, which, as it now appears, must be 
supplemented by effective regulating devices. 


REGULATION 


This is the other general line of attack mentioned. 
The usual method of regulation is to automatically 
adjust the alternator field current by means of the 
vibrating type regulator operating on the exciter field 
to hold the bus voltage as near as possible to a constant 
value. Referring to Fig. 3, the function of this regulator 
is to cause the generator to pass from one. curve to an- 
other along the line ee. There are, of course, an in- 
finite number of such curves, and under steady state 
the alternator is functioning on some particular one of 


them. The extremely important point here is that 


although at any load under steady state the voltage is 
the same, 7e., along the line ee, nevertheless the 
machine is not operating on ee as an inherent char- 
acteristic, but on one of the family of curves shown. 
In other words, although the machine operates at an 
intersection of ee and one of the curves, it is on the 
latter, not the former. That is, the rate at which the 
voltage changes with respect to a power change is, for 


dE 
the moment, the slope Sy of the particular curve, 


and this determines the degree of stability. The 


less the slope, the greater the stability, and, in the 


dE 
limit mela ae O, there is the “infinite” generator. 


The slope of ee, of course, may be zero for any ma- 
chine with a regulator, but that does not change the 
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inherent characteristic, on which the machine operates 
as illustrated in Fig. 3. 

While it is not possible, in the nature of the case; to 
significantly change the slope of the characteristic by 
use of such a regulator, as explained later, it is possible 
to do it by other means of regulation. But before 
describing this, the general principle involved here 
which is not generally fully understood will be further 
discussed. 

It is one thing to compensate for the effect of a 
phenomenon after it has occurred, and quite another 
to compensate while it is occurring. In the former, 
the thing happens and is then corrected; in the latter, 
it, in effect, does not occur. To illustrate the first: 
load is thrown on an alternator the voltage of which is 
controlled by a vibrating-type regulator. The voltage 
drops, then the regulator contacts close, which in turn 
starts the exciter voltage to build up, ultimately pro- 
viding the field current necessary to restore the voltage. 
The time involved may be short, but the foregoing is 
nevertheless the sequence of events. The drop 
occurs and then it is neutralized. An exciter with 
low time constant may hurry the phenomena along, 
but the time-constant, even if decreased, still exists and 
it is interposed in the above sequence. 

On the other hand, consider for instance the voltage 
drop in an inductive reactance of a feeder circuit. Add 
a series capacitive reactance of equal value. Then 
while the drop still exists across the reactance, it is, 
nevertheless, absolutely neutralized, at all instants, 
and at all loads, so far as the feeder circuit is con- 
cerned. The drop is compensated as zt occurs, and the 
effect is the same as if it did not occur. 

The difference between these two conceptions is the 
difference between what we have and what we should 
like to have in the principle of regulating alternators. 
If some one found such a scheme at once reliable and 
economically feasible for regulating alternators, there 
would be the equivalent of an ‘“‘infinite’’ generator— 
one in which the change in voltage with change in load is 

dE 

dP 
regulated at both ends of the line, the power limit of the 
line alone would have been attained. But such a 
scheme has not yet appeared in practical form. 

To accomplish this in an alternator, two things are 
required. The armature reaction must be completely 
compensated by supplying opposing field ampere- 
turns of equal value in the proper space-phase and 
at the time the armature reaction is occurring. If this 
were accomplished it would be, in effect, as if there were 
no armature reaction. 

The other point is that the leakage reactance must 
also be neutralized, which means that a voltage must be 
supplied which is in time-phase opposition to the volt- 
age of the reactance. Theoretically, of course, this 
could be accomplished by series condensers of proper 


zero, 1. €., = Q. And with apparatus so 
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capacity, and this may sometime be practically feasible. 
Indeed, they may be used to neutralize the line re- 
actance, as well. 

_ To completely compensate for armature reaction, one 
is confronted by the difficulty both of applying the field 
ampere-turns in the right space-phase, and above all, 
of increasing it and decreasing it in exact conformity in 
time with the variations of armature reaction. How- 
ever, while it is perhaps not to be expected that the 
ideal case will be realized practically, it is yet possible 
to partly compensate it by any scheme which will 
adjust the field current in rigid proportion.to the arma- 
ture current—which may be approximated by certain 
forms of self-excited machines. 

But there appears to be a simpler way. Without 
expressing any assurance of practical application in the 
near future, it is noteworthy that a very substantial 
reduction in the effect of armature reaction has been 
actually obtained in a factory test by the use of the 
mercury-are rectifier as an adjunct in the excitation 
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system. Its function is merely to supply field current 
in rigid proportion to the armature current, thus 
compensating for the latter at the time it occurs. By 
the nature of the circuits, and the variation of power 
factor, the space phase could not, in this particular case, 
be what was required. Nevertheless, the reduction 
in effective armature reaction, as evidenced by increased 
maximum power at the same voltage, under steady 
state, was of the order of 50 per cent. 

Let the significance of this be clearly understood. 
Two maximum power (steady-state) tests were made 
on a minature 250-mile line with a 225-kv-a. generator 
supplying a synchronous motor of the same size, 
Fig. 12 shows a general view of the test set-up. 
One test was made with an ordinary vibrating regulator 
controlling the voltage of each synchronous machine, 
the other, with the rectifier as an adjunct. In the first, 
the power was gradually brought up to 120 kw. at 
2000 volts at both ends of the line, 7.0 amperes on the 
motor field, 7.5 amperes on the generator field. This 
was the maximum power the system could carry. 
A further increase caused it to break out of step. Then 
the rectifier scheme was installed. Similarly the load 
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was brought up to the same point, 7. e., 120 kw., 
2000 volts, 7.0 amperes field current on the motor, 
7.5 on the generators. This power was not maximum. 
It was further increased at the same voltage to 154 kw., 
or an increase of 28 per cent. 


This test is mentioned merely to illustrate the prin- 
ciple discussed above. The point involved is the dif- 
ference between the slope of a curve and the value 
of the function itself. Analogously, if moving bodies 
were being considered, the interest would be not in 
the speed alone but also in the acceleration. It 
is not the value of voltage, but the slope of the 
voltage-power curve, that indicates the degree of 
stability. If a system controlled by vibrating regu- 
lators operating on the exciter is gradually loaded 
to imminent breakdown, the control can usually be 
taken over by hand and the same load held. In 
other words, although such regulators are highly effect- 
ive in load transients in increasing the excitation as 
load is thrown on, they nevertheless do not signifi- 
cantly increase the steady state ultimate maximum 
power at normal voltage (p; in Fig. 3) over that cor- 
responding to a fixed field current; and the reason is 
that, even with the regulator, the slope of the voltage 
power curve, in the first moment, is practically the same 
as if the regulator were not operating. And if it should 
be different during a sudden transient, it must ulti- 
mately return to steady state and thus to the slope cor- 
responding to constant field. 

If this fact is not appreciated, it may be taken for 
granted, as frequently has been done before, that if the 
bus voltage is regulated, it may be assumed in calcula- 
tions of maximum power that the voltage is constant. 


a a5 
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This assumption is justified only TP 


has even been proposed that by placing automatically 
regulated synchronous condensers along the line at 
given intervals, one may consider éach of these sections 
as a unit, and that whatever power it is possible to 
transmit over one of them at the given voltage, can be 
transmitted, excepting losses, from one section to the 
other for a distance of, say, 1000 miles. Now this would 
be possible only with infinite generators and also 
infinite condensers, 7. e., such that the slope of the 
terminal voltage curve against reactive kv-a. supplied 
by the condenser is zero. To illustrate magnitudes, the 
maximum power of a 250-mile line at 220,000 volts, 
infinite bus at both ends, is about 225,000 kw.; of a 


500-mile line, 130,000 kw. According to the proposal, . 


with a condenser at the mid-point, it would be possible 
to transmit 225,000 kw., neglecting losses, over the 
entire 500 miles of line. Actually, a condenser at mid- 


10. An exciter with low time constant may expedite the regula- 
tion, but as long as the voltage must drop before the regulator 
contacts close, and the exciter field must be brought up before 
the alternator field current is changed, the compensation can not 
possibly occur at the time the armature reaction occurs. 
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point, of, say, 70,000-kv-a. capacity, would increase the 
maximum power only from 130,000 kw. to 156,000 kw. 
—not to 225,000 kw. This rather indicates what might 
be expected if the length were extended to 1000 miles. 


Before concluding—regarding the foregoing discus- 
sion—it is well to mention again that consideration 
should not be confined to the cases of long distance 
straight-away transmission only. The problem in 
hand is one which, to a limited extent, relates also to 
power lines and networks of moderate distances, and 
the extent will undoubtedly become greater as the 
blocks of power to be transmitted continue to increase, 
or, indeed to tie connections of central station systems 
to any, in fact, in which the power to be transmitted 
approaches the power limit of the system under the 
operating conditions. However, the problem involved 
in such systems, although more difficult to solve than 
those of single lines, is nevertheless the same, namely, 
to determine the power limits under various operating 
conditions, and to provide that these limits shall be as 
high as practically feasible. 

What is the conclusion to be drawn from all of the 
foregoing discussion regarding synchronous machines? 
As to possible changes in design, the present indication 
is that no radical departure may be expected, that, 
at least so far as present proposals are concerned, 
reversion is made to the well established practises 
which have long since been followed in special cases 
where an increased stability or breakdown has been 
required: This is to to go to the limit in ratio of field 
strength to armature strength, and if that does not meet 
the required load, then get the remainder by merely 
increasing the size of the machine. 

As to improvements by regulation, or more properly, 
compensation, it appears at this time that although 
there is possibly some hope for this in the future, 
the progress to date has been little more than the 


‘demonstration of the principle in actual test; but this 


affords sufficient incentive to actively pursue the 
investigation, when it is realized that for distances of 
transmission much above 300 miles the power limit with 
present equipment is such as to make these projects 
questionable from an economic standpoint, while, at 
the same time, the development of our resources will 
undoubtedly require the use of lines of this length in the 
near future. , 
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Synopsis.—The subject of stability has been much discussed 
lately, because it has an important bearing on future large power 
developments. In the early stages of a large program, such as 
the proposed superpower program, good engineering and common- 
sense dictate that each step should be very carefully considered from 
all points of view, since a blunder or failure to give proper weight 
to some important factor, such as stability, might set back the 
development program for many years. 

A brief historical review of the subject of stability follows; for 
those who are not familiar with “‘static’’ stability there is a review 
of the subject in the Appendix. 

A criterion of stability is suggested based on present operating 
conditions, namely, that for reliability each unit of the superpower 
shall be at least equal to the best that has heretofore been obtained 
with similar power systems. 

The necessity of a careful study of the characteristics of all 
machinery connected to the transmission line is pointed out.. The 
necessity of proper inherent characteristics in generators and 
synchronous condensers is emphasized, and particular stress is 
laid on the necessity of proper volt ampere characteristics both 
inherent and with the exciter. 

The action inside a generator during the transient following 
a change in load is discussed; it is pointed out that the true field 
is a resultant due to several magnetomotive forces in addition to that 
of the field circuit; the combined effect is a marked tendency to self- 
excitation, and inherent self-excitation would take place if it were 
not for the damping effect of resistance in the different circutts. 

A brief review of other factors entering into the problem is given. 
These factors comprise inertia of moving parts, mechanical torque, 
speed of relays, circwit breakers, etc. The difficulty of correlating 
all these quantities is pointed out, and a basis on which it is practical 
to make computation is suggested. 

Those who have not studied the subject of stability are recom- 
mended to read the Appendix before proceeding with the subject 
of transient stability. 


The subject of transient stability is opened with a definition 
of stability of a power system. 

The elements of the problem are discussed in some detail. The 
problem is one of obtaining the conditions of equilibrium, taking 
into account mechanical or applied torque, electrical or counter 
torque, inertia torque and damping factors, in addition to the 
electrical characteristics of the system. The action of a generator 
under suddenly applied load is discussed in some detail. 

The “transient” stability of a simple system is discussed, use 
being made of a new diagram known as the power angle diagram 
which may be derived from the circle diagram as obtained for static 
stability. Three diagrams are required for the simple investiga- 
tion, but the method may be elaborated to include all the factors 
affecting the problem including the characteristics of governors, 
exciter systems. and so forth. 

The difference between the problems of switching operations, 
load swings, and short circuits is pointed out. In the last case the 
effect of different values of ground resistance is discussed at some 
length and also the effect of length of time before circuit breaker 
opens. 

The necessity of obtaining reliable data on ground resistance 
with faults is stressed. 

Throughout this paper the essentiality of delivering the necessary 
kilovolt-amperes to the line either by adequate exciter systems or 
by proper modification of machine characteristics in order to main= 
tain a high order of stability is insisted on. 

It is pointed out in the Appendix that while inherently com- 
pensated generators, synchronous condensers, etc., are future pos- 
sibilities, our main concern is the problem of getting the most 
out of present day designs as our present day problems depend on 
these and not on something that may be commercially developed five 
years from now. Consequently the conclusions refer to means that 
may be made quickly available and the two most important are: 

a. Improved inherent regulation of machines. 

b. Increased speed of excitation. 


HE problem of stability of transmission systems 
has come up for considerable discussion during 
the last few years due to the fact that it has an 
important-bearing on the future development of power 
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in this country, particularly in localities where there 
already exist large concentrations of power which it is 
proposed to tie together by high voltage transmission 
lines. 

The connecting links between these large distribution 
centers and generating points must be such that the 
resulting unified system has at least as good a perform- 
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ance as regards maintenance and reliability as the best 
of its constituents, and as a matter of fact to fulfill the 
hopes of its advocates this resulting system should show 
a better performance. 


A principle which common sense seems to dictate in 
the early stages of a development, of such magnitude as 
this programme represents, is to carefully weigh all the 
factors which go to make a successful system. It is 
not incompatible with the optimistic spirit, which is 
part of the make up of the engineering profession, to 
weigh every factor carefully before taking the first steps 
because so much depends on the success of the first part 
of such a program. A blunder or failure to give the 
proper weight to such a factor as stability might have 
very grave effects and set back the development pro- 
gram for many years. 


The old saying that “‘a chain is no stronger than its 
weakest link’”’ may well be taken as a guide during the 
initial stages, and I think that good judgment dictates 
that these first links of our superpower chain, especially 
those that introduce new sources of power, should be 
made as strong as we know how, at the present state of 
the art. 

I wish to emphasize this point because there seems 
to be an inclination on the part of some engineers to 
underrate the importance of a careful study of stability, 
for the reason that large utilities today are operating 
satisfactorily and instability does not seem to disturb 
them. This reasoning is all the more dangerous because 
it is partly correct. The true reason why existing utili- 
ties are not troubled by instability is that when condi- 
tions of interconnection are met that tend towards 
instability, they are avoided either by giving up the 
advantages of interconnection or by strengthening the 
tie lines. 

It is not safe to take past experience as a criterion 
on which to base superpower developments because of 
the necessity of maintaining service over the intercon- 
necting lines, greater extent of the lines, and greater 
amounts of power to be handled by the lines, all of which 
factors are such as to increase the tendency to instability. 
As a matter of fact we know of a number of cases where 
instability has actually occurred and large systems have 
pulled apart causing more or less lengthy interruptions 
to service. How much more might the effect of the 
breaking apart of a large generating station from asuper- 
power system be felt, especially in the initial stages, 
before the complete unified system has been achieved! 
I repeat, therefore, that it is not only good engineering 
practise but also good sense to make the first links of a 
superpower program as perfect from all points 
of view as is possible with the present knowledge of the 
art. 


It is the object of the present paper to analyze the 
factors entering into the stability problem, confining the 
discussion to the consideration of simple cases in order 
to avoid undue complexity. 
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GENERAL REVIEW OF THE SUBJECT 

The attention of the engineering world has been 
drawn to the phenomena of instability as a result of 
actual experience in operation. The early cases natu- 
rally had to do with links between generating stations in 
distribution systems. I can recall some early cases of 
instability due to short circuits in feeders connecting 
large generating stations which were the cause of a good 
deal of speculation. 

More recently there has been a tendency to connect 
large utilities together with a view to interchanging 
power in case of emergencies. Unfortunately these tie 
lines have been frequently of the type very aptly defined 
as “shoestrings” and have failed to carry out the purpose 
for which they were intended. In other words these 
shoestrings in themselves were unstable and could not 
tie the systems together. In many of these cases, 
fortunately, the reason for the tie was more sentimental 
than real, and the systems tied together being self 
sufficient, no harm was done when they broke apart. 
The case of a superpower interconnection would be 
another story and a break apart might be serious. 

We first became interested in this question as a result 
of a study of the possibilities of troubles due to connect- 
ing large hydroelectric generating plants through long 
transmission lines with large public utilities distributing 
power. This study has thrown a new light on this 
whole class of operating phenomena and a number of 
happenings which were mystifying in the past, in the 
light of knowledge gained by this study have very 
simple explanations. 

To cite a few examples, we have all heard of the fading 
out of power from a hydroelectric source supplying a 
utility. We have also heard of power surges which 
appear to be of more or less harmonic character; that 
is to say, a generating plant has a period during which 
it alternately acts asa motor or generator. These cyclic 
changes may be relatively slow and will be indicated by 
the wattmeter which will swing in synchronism with 
the load changes. The system in such a case has 
already passed the point of stability although not in- 
frequently the generator ultimately falls in step again. 
The effect on a large system may be quite serious as 
synchronous motors may be thrown out of step during 
the period of unstable operation. 

In the case where the generating station has not 
passed the point of instability, it may oscillate about the 
point of stable operation for several seconds, this being 
evidenced by oscillation of the station wattmeter until 
the ultimate operating position of the generator rotors 
is reached. These characteristics will be further 
elucidated after the elements entering into the problem 
of stability have been considered. 

The first study of a phase of the problem of stability 
was made by the late Dr. C. P. Steinmetz. In his 
paper which was published in the 1920 TRANSACTIONS 
of the A. I. E. E., he confined himself to the analy- 
sis of system troubles but did not give consideration 
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to its aspect as a possible limitation in high-voltage 
transmission. 

The consideration of a superpower network extending 
over the Eastern States and perhaps eventually over a 
great part of the United States and Canada has 
emphasized the importance of a careful study of the 
factors influencing the stability of large superpower 
systems with a view to controlling and improving the 
characteristics of the various units entering into the 
problem. 

I take it that a criterion of operation must be set up 
for each portion of the superpower program. It 
cannot all be carried out at once; therefore each portion 
must conform to some standard of operation. What is 
this standard to be? I feel that all public utility engi- 
neers will be unanimous in insisting that each portion 
of the proposed program when completed and in 
service will perform this service with at least the same 
reliability as the best that has been obtained in similar 
existing power supply systems. By reliability I mean 
freedom from interruption and ability to deliver load 
at the proper voltage. 

The nature of the standard set up for superpower 
lines will influence not only the type of line construc- 
tion used but also the characteristics of the generators 
and synchronous condensers. It may be necessary to 
look into the secondary transmission lines to insure that 
they do not prove to be the weak link in our chain. 
Where long transmission lines are involved, intermediate 
synchronous condenser stations will prove economical 
provided that condensers of proper design are used. 

It is necessary therefore in studying the stability 
of superpower systems to consider also the character- 
istics of generators, exciter systems, condensers, etc., 
to ascertain what type of design will prove most 
suitable for superpower extensions and will insure the 
highest degree of stability. Other apparatus such as 
circuit breakers, relays, etc., will have an influence on 
the problem, but the generator with its exciter and the 
synchronous motor are the fundamental elements in 
the problem of stability. 

Electrically both generators and synchronous con- 
densers are extensions of the main transmission line 
with somewhat different characteristics. But, as we 
know, transmission lines differ in characteristics, and 
no appreciable error is incurred by ignoring the dis- 
tributed capacity in low-voltage transmission while 
in the case of 220 kv. it becomes of supreme importance. 
The same thing is true of generators and synchronous 
condensers; these may appropriately be considered as 
transmission lines having reactive impedance (although 
saturation will affect the constancy of the reactance), 
if we have to consider only slow changes in load without 
regard to matters of stability; but when studying mat- 
ters of stability, whether static or transient, both must 
be considered with reference to their exciter and damper 
windings so that the action becomes that of coupled 


circuits. The result of this is that any change in arma- 
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ture current sets up in the field current and damper 
winding changes in the currents which tend to annul 
the magnetic effect of the change in armature current 
so that the field tends to remain constant for a sub- 
stantial period after the change takes place. If it were 
not for the resistance of field and damper windings, 
these transient currents would persist and the generator 
or synchronous condenser would be to a certain extent 
self-regulating. There would be a drop in terminal 
voltage due to the increase in load, however, due to the 
imperfect magnetic coupling between field and armature 
and this drop may be termed the leakage drop. 

Since it is not possible to get away from resistance 
in the damper and field winding, recourse is had to an 
exciter system which builds up the field current faster 
than this induced current dies down. Thus the effect 
is the same as, or better than, what would be obtained 
if the field and damper windings had no resistance. 
It is possible to carry this method of compensation to 
the point where the terminal voltage remains substan- 
tially constant during sudden changes in load or other 
disturbances. 

There are other ways of course by which similar 
results may be obtained, but these involve new develop- 
ments whereas that cited above follows along standard 
well-tried lines. 

The above, together with the transmission line, the 
characteristics of which are well known, constitute the 
electrical elements entering into the problem. There 
are other elements which come into our picture due to 
the fact that our generator, synchronous condenser, 
and the load are not only electrical transmission systems 
but also mechanical transmission systems having 
inertia and these systems are coupled with the electric 
system by a torque-speed or power coupling. This adds 
very considerably to the complications when we try to 
compute what takes place with a sudden change in 
conditions. We shall return to this subject later on 
when we look into the problem of transient stability in 
more detail. 

I have enumerated above the physical and electrical 
characteristics of machines that enter into the problem 
of stability. In addition to this the problem is tied up 
with the action of the various relays such as those con- 
trolling the exciter voltage, the hydraulic relay devices 
controlling the gate opening, and the steam throttle 
governors, the relays controlling the operation of circuit 
breakers in cutting out sections of transmission lines 
when a ground or short circuit takes place. It will be 
obvious to engineers that to take accurate account of 
all these factors would be a hopeless proposition, so we 
proceed on the basis of ignoring such factors as appear 
not to influence the problem to any appreciable extent. 
For example, the assumption is usually made for 
ransient stability that the power input to the generators 
remains unchanged during part of the disturbance; this 
is justified due to the extreme sluggishness of hydraulic 
governors. 
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TRANSIENT STABILITY 


Much has been heard in recent years of stability 
but no clear and comprehensive definition of the term 
has been published. Stability may be defined as the 
capacity of a power system to remain in equilibrium 
under steady load conditions, and its ability to regain a 
state of equilibrium after a disturbance has taken place. 
The first part of this definition is referred to in this paper 
as “static stability,” and the second part as “transient 
stability.” It should be noted that after a transient 
disturbance, the system will not necessarily seek the 
original state of equilibrium. 

The problem of stability is one of securing a proper 
balance between mechanical input to a generator and 
its electrical output, and the electrical input to a motor 
and its mechanical output, the electrical quantities being 
dependent on the characteristics of the machines and 
of the system as a whole. It is, therefore, an exceed- 
ingly complicated problem, involving mechanical fac- 
tors such as inertia, governors, gate speeds, etc., and 
also electrical factors such as machine characteristics, 
line constants, breaker operation, ete. 


The natural tendency of a generator connected to a 
power system is to deliver electrical power equal in 
amount to the mechanical power delivered to its shaft 
less its own losses. This condition of equilibrium is 
satisfied when the counter-torque due to armature cur- 
rents and field is exactly equal to the mechanical torque 
applied at the shaft by the prime mover. When such 
a situation arises that there is a difference in the 
‘mechanical and electrical torque, the generator either 
speeds up or slows down until a new position of equilib- 
rium is reached; and during the transition stage, the 
inertia forces due to the moving masses act in a manner 
which tends to prevent any change in speed. 

In thinking over these questions, it is well to consider 
all the aspects a generator or system of generators may 
take. It may be purely a generator or take on the 
characteristics of a synchronous condenser, or even of a 
motor. The torque on its shaft working as a generator 
compels it to deliver sufficient power to equilibrate the 
applied power. In attaining this state of equilibrium, 
moving from the initial position where the machine 
acts as a synchronous condenser (no external load) to 
the position where it acts as a generator, the rotor is 
accelerated, so that when equilibrium is reached, the 
rotor, considered as a mechanical cyclic system, has 
advanced in phase. This advance in phase is just suffi- 
cient to cause the equilibrating current to flow as in a 
simple transmission line, so that the power input and 
output diagram of the generator would be exactly the 
same as that of a simple transmission line, if it were not 
for the effect of saturation and the effect of internal 
magnetic coupling during the transient state. The 
phase advance of the rotor is just equal to the phase 
angle between the terminal voltage of the machine and 
the component of internal voltage due to the direct 
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current in the field. This phase angle, however, is not 
the true angle of advance for the reason that the elec- 
trical torque depends upon the action between armature 
current and the actual field—not a fictitious field. The 
actual field is produced not only by the field current, 
but also by the armature current. 

When a change in input or output of a generator 
occurs, currents are set up in the field circuit and 
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dampers which tend to maintain field and the voltage 
generated thereby at their original value. At the same 
time, the rotor takes up a new position, and in so doing, 
inertia torques are introduced which must also be taken 
into account. 

The proper value of voltage to take account of in 
matters of stability is therefore the voltage set up by 
the true field which is the resultant of the d-c. field 
current, induced field currents, damper currents, and 
the armature currents; this is the e.m.f. actually 
generated by the field and which is required to establish 
equilibrium between electrical and mechanical torques. 

Let us analyze the problem with a simple system, 
assuming a generator supplying power to a synchronous 
motor over a two-circuit transmission line as indicated 
in Fig. 1. For the steady-state condition, there will 
be a phase angle between the internal e. m. fs. of the 
generator and motor. This angle is a function of the 
load, and in general varies in the manner shown in Fig. 
3, which is known as a “power angle diagram.”’ In the 


diagram, let Py. represent a particular input to the 


generator. For this input, a, is the angle between the 
generator and motor e. m. fs. for the steady-state con- 
dition, or point of equilibrium. 
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It will be noted that it is possible to obtain another 
solution corresponding to a’ which is, however, an 
unstable solution. Let us consider a small increase in 
the angle a beyond a’. This will cause a corresponding 
drop in the output, and consequently since the input is 
constant, the generator will accelerate and increase the 
angle of advance, the effect being cumulative. In the 
case of a small decrease in the angle a from a’, the gen- 
erator will slow down or move in the direction of a. 
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A similar analysis shows that a is a point of stable 
equilibrium, because small displacements from that 
point will set up forces tending to restore the system 
to the point a. 

It is evident from the diagram that the load can ke 
increased to the value indicated by P, which represents 
the static limit for the circuit assumed, and with the 
generator and motor voltages maintained. While 
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there is a definite static limit dependent on the circuit 
characteristics and on the voltage conditions, there is 
no well defined limit for transient stability. In fact, 
it is necessary to specify both the load and the magni- 
tude of the disturbance in order to determine the 
transient stability limit. 

If the system is operating with the power input P, 
and a disturbance takes place, causing the angle a to 
increase beyond the value a’, it will be unable to recover 
itself, even though the disturbing force has been re- 
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moved. In general, the disturbance will affect the 
generator and motor in different ways; consequently 
it will be necessary to employ two power angle diagrams 
in studying conditions during disturbances, one repre- 
senting the generator end, and the other the motor end 
of the system. 

The principal conditions of operation tending to 
produce instability in a power system are as follows: 

a. Line switching 

b. Load swings 

c. System faults 
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As an example of line switching let us consider the 
simple system shown in Fig. 1 and Fig. 2 and assume 
that line L, is opened at either end. In this case the 
power angle diagram may be represented as shown in 
Fig. 4, for the condition before and after the switching 
operation. Let us assume that the power input to the 
generator is P, and that the original steady state angle is 
a. After the switching operation the new position of 
equilibrium will be reached at a’. When the system 
is operating at a, the opening of the line L, reduces the 
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Fic. 5—ANGLE D1IaGRAM OF SIMPLE POWER SYSTEM FOR SUDDEN 
INCREASE IN LOAD 


power that will be taken over the system at that angle 
by the vertical distance between the power input curve 
and the new output curve. The power represented by 
the distance point 1 to point 2 represents that consumed 
in accelerating the generator rotor. Because of this 
acceleration the angle a@ will increase along the new 
curve towards point 3. As it approaches point 3 the 
accelerating force will decrease and the velocity will 
increase until at point 3 the accelerating force will be 
zero and the velocity amaximum. Asaresult the rotor 


Fig. 6—Powrr ANGLE DIAGRAM FOR SHORT-CiRcUIT 
CONDITIONS 
Curve I Initial condition 


Ila Low resistance fault 
Iib High resistance fault 
III Final condition after fault is cleared 


will overshoot towards point 5, a retarding force being 
set up which will increase as the point 5 is approached. 
At point 5 the velocity will be normal and the retarding 
force a maximum tending to bring the rotor back to 
point 3. The amount of the overswing will be such 
that the area 1 23 equals the area 3 4 5 except for the 
damping action due to losses. Because of the losses the 
swings will become smaller and smaller, oscillating about 
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the final position a)’. For the case considered the 
system is stable since the overshoot does not carry it 
beyond the point a’. 

Load swings differ from switching operations in that 
the circuit constants remain substantially the same and 
the input and output vary, whereas, with switching, 
the input and output remain substantially the same and 
the circuits constants are changed. Considering again 
Fig. 1, and assuming that the load is increased as indi- 
cated in Fig. 5 from P, to P,, if the increase is suddenly 
applied, the prime mover governor not responding 
immediately, the increment of power will have to be 
supplied by the kinetic energy of the system, slowing it 
down. This action will cause the governor to act and 
restore the speed to normal by increasing the input to 
the system to correspond to the new output. Initially, 
however, there will be a disturbance due to the falling 
back of the motor with respect to the generator increas- 
ing the angle a between them, and there will be an over- 
swing similar to that described in connection with the 
switching operation in Fig.4. The generator and motor 
will oscillate with respect to each other but together will 
slow down towards the new angle of equilibrium a)’. 


Final Angle 


Initial Angle 


Angle 


Time 
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Fic. 7—ANGLE-Time D1iaGRAM OF SIMrLE PowrER SysTEM 


I Switching Conditions—Stable 
Il High resistance fault—Stable 
III High resistance fault—Unstable 


The change of power input by governor action will in 
general necessitate the use of several power angle dia- 
grams to properly represent the intermediate steps. 

Short circuits present considerably more complications 
than switching operation and load swings due to the 
fact that three distinct networks are involved: 

a. The original condition prior to the application of 
the short circuit. 

b. A second condition while the short is on the 
system. 

ce. A third condition when the fault has been cleared, 
usually by a switching operation. 

The second condition is what makes the short circuits 
radically different from switching operations or load 
swings. The short circuit may increase or decrease the 
power input according to whether it is a high- or low- 
resistance fault. A high-resistance short circuit usually 
occurs in the form of a fault to ground in a grounded 
neutral system. There is a certain resistance for which 
the power increase will be a maximum. 
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The effects of the two types of shorts are indicated 
in Fig. 6. Let Curve 1 represent the power angle dia- 
gram for the initia! conditions with Po, ap as the point 
of equilibrium. Curve I I, will represent the conditions 
with a low resistance fault applied to the system. An 
oscillation will be set up about point 3 between 1 and 2 
as described previously when considering switching 
operations. The circuit breaker may open at almost 
any point during this oscillation, for example at point 4. 
The opening of the breaker immediately modifies the 
circuit conditions and a third network is set up of which 
the power angle diagram may be represented by Curve 
III, the power output being changed from point 4 to 
point 5. In general the transition from the network of 
II, to the final network of III will be accompanied 
by a second oscillation due to the fact that either the 
angle initially will not correspond to ay’, the angle of 
equilibrium, or the velocity will not be such as to satisfy 
the condition of equilibrium; the system will therefore 
oscillate about the point of equilibrium, point 6 in the 
diagram. 

In the case of a high resistance fault it is possible 
for the power output of the generator to be greater than 
the input as indicated by the Curve II;. In fact 
power may be drawn from the receiver end of the sys- 
tem to supply part of the energy absorbed in the fault, 
for which condition the angle becomes negative. The 
sequence of events is similar to that previously described 
for the low resistance fault. It will be noted that 
stability is indicated in case the breaker opens at the 
point 4’ because the energy absorbed during accelera- 
tion (area under P») is less than the energy that can be 
given up during retardation (area above Py). Pull out 
would occur should the breaker open at 4” instead of 4’. 

It is obvious from these considerations that the 
fault resistance is of prime importance in the considera- 
tion of short circuits. Unfortunately there is very little 
information available at the present time concerning the 
resistance of faults under high current conditions. 

In the preceding discussion an attempt has been made 
to give a general picture of the phenomena of stability. 
Certain simplifying assumptions have been made which 
in the more general cases will require modification; for 
example, the mechanical inputs and outputs of machine 
are assumed constant. When the actual values are 
known as a function of time, suitable correction can be 
made. In this connection it may be pointed out that 
the stability limit for transient disturbances could be 
increased if the governors were made to regulate the 
input to the generators to correspond more closely 
with their output. Another simplifying assumption 
made in the above discussion is that of constant internal 
voltage of the machines. The effect of this may be 
corrected for by drawing up several power angle curves 
for different voltage conditions. 

In the determination of the angular swings of the 
system and the stability limit, it is necessary to employ 
the point by point method of analysis, all the forces for 
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each point being in equilibrium. The computation of 
the changes in the values of internal voltage during 
transient conditions is best accomplished by the “two 
reaction method” which permits the utilization of 
different time constants for the two components of 
main field flux. By this method it is possible to take 
into account the effect of cross-magnetization and also 
the effect of the excitation system. The two reaction 
method also permits the determination of the mechan- 
ical rotor angle, which must be taken into account in 
the consideration of the inertia effect. 

Power angle diagrams do not show time; therefore, for 
the final results, it is preferable to use curves, with time 
as abscissas, since stability depends upon factors which 
are functions of time. The angle between the e. m. fs. 
at the two ends of a system or the variation in the angle 
as a function of time gives a very satisfactory criterion 
of stability. These angle time curves will have the 
general form indicated in Fig. 7. Curve I shows a 
switching operation; Curve II and Curve III show 
a short-circuit condition with a high-resistance fault. 
Curve II shows the breaker opening at such a point 
that stability is obtained and Curve III shows the 
breaker opening at such a point that instability results 
as indicated by the continuous increase in the angle. 

The object of this discussion is to review the principal 
factors entering into stability and to provide an ade- 
quate visualization of the problem. It is beyond the 
scope of this paper to go into the detailed calculations 
of the magnitude of system disturbances and stability 
limits. In this respect it serves as an introduction to a 
more detailed paper by Messrs. Evans and Wagner 
which is being prepared for the Midwinter Convention 
in 1926. 

In the above rather cursory analysis of the factors 
involved in the problem of transmission stability I have 
tried to stress several important points which I repeat 
below: 

1. Stability is a characteristic of an entire power 
system—not of any particular tie line—and in the deter- 
mination of limits, it is necessary to have a complete 
diagram of the system with full data on connected ma- 
chines, loads, etc. Care should be taken to select for 
consideration operating conditions which are likely to be 
the most severe from the point of view of stability. 

2. The standard of service in a superpower system 
must be of the highest order. While it is recognized 
that stability cannot be expected under all abnormal 
conditions, in my opinion the stabilty criterion should 
be that synchronism be maintained under single-phase 
faults to ground followed by the switching out of the 
faulty section. 

A. method of analyzing stability is indicated, based 
on so-called ‘‘power-angle’”’ and “‘angle-time’”’ diagrams. 
These diagrams take into account both the electrical 
and mechanical transients by a point to point method. 
The changes in machine fields are computed by 
Blondel’s two-reaction method, as this permits the 
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separate determination of the two components of 
flux, which have different paths and different time- 
constants. 


CONCLUSIONS 


In conclusion, particular attention is called to certain 
factors entering into the problem such as characteris- 
tics of machines, time required by relays and circuit 
breakers to open, speed of operation of governors, re- 
sistance in the ground faults, and earth connections. 

As a result of the above analysis the following 
methods of increasing stability suggest themselves: 

a. Improved inherent regulation of machines which 
can be obtained without greatly increased cost. 

b. Increased speed of excitation; this possibility 
was discussed at the. Philadelphia meeting of the 
A. I. E. E. in connection with the paper by Messrs. 
Bush and Booth. 

ce. Modification of the prime-mover governor more 
closely to regulate the input to the generator in accord- 
ance with the requirements of the transient, thus re- 
ducing the mechanical oscillations. 

d. Development of a high-speed breaker and relay 
system to reduce the oscillations subsequent to the 
opening of the breaker. 

e. Reliable data on ground resistance are very much 
needed, particularly under conditions of high fault 
currents. I would like to enlist the cooperation of 
public utility engineers in obtaining this information, 
as the value of ground is one of the controlling factors in 
the problem of transient stability. 

f. The calculation of transient stability is, at best, 
a very tiring and long drawn out job. In view of the 
importance of making such computations in the case of 
every important branch or connection of the proposed 
superpower system, every effort should be made to 
reduce the labor involved in these computations. If an 
artificial model can be devised which will supply all the 
factors in their right relationship with one another, such 
a method of solving problems will be welcomed. A 
purely mathematical solution seems out of the question 
as the problem when reduced to the simplest form in- 
volves elliptic functions. Very few engineers are suf- 
ficiently familiar with these functions to be at ease in 
handling them. 

I wish to express my appreciation of the help ex- 
tended to me by Messrs. R. D. Evans and Powell in 
writing this paper and by Mr. Dovjikoff in making 
the sketches and checking the text. 


Appendix 

Review of the ‘‘Static Stability”’ 

INTRODUCTION 
In the papers presented at the 1923 Midwinter Con- 
vention at Philadelphia by my colleagues and myself 
we confined our attention to the phenomenon of sta- 
bility which has been termed static stability. There 
was some criticism of these papers on the grounds that. 
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they did not cover all there was to be covered in regard 
to stability of transmission systems. I think that I 
have said enough as to the elements that enter into the 
problem to indicate how hopeless would be any at- 
tempt to cover the subject generally in one paper and I 
may say in passing that this paper makes no pretense to 
go into details on any part of the problem but is more in 
the nature of an introduction to a paper by Messrs. 
Evans and Wagner which is in preparation for the next 
Midwinter Convention. The static stability problem 
appeared to be the stability problem in its simplest form 
and it seemed to us appropriate to begin the study of 
stability by a series of papers on this limit to the 
operation of transmission lines. That this is one of the 
important limits in operation under emergency condi- 
tion is evident from the following statement by Mr. 
H. A. Barre in an article by him published in The Elec- 
tric Journal, June, 1925. 

- In designing a long high-voltage transmission line, careful 
consideration must be given to its stability, because the economic 
load and the ultimate carrying capacity of the line are of the same 
order. Studies of the Big Creek line indicate that, with only a 
single line in service, the ultimate carrying capacity under steady 
load conditions should be about 180,000 kw. at the generator end. 
On one emergency, this condition was actually reached. One 
whole line was taken out of service on a Sunday for maintenance 
work. About six o’clock in the afternoon the load built up very 


rapidly to 183,000 kw. when the synchronous apparatus at the 
two ends of the line went out of step. The voltage dropped 
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nearly to zero, hovered there for awhile and then gradually built 
up to normal. About fifteen minutes later the load again built 
up to 183,000 kw. and the whole performance was repeated. 
Soon after the voltage came to normal the second time the other 
line was switched into service and there was no further trouble. 
So far as we know, this is the first time that a long high-voltage 
line has passed through this unstable condition. 


The static stability limit will depend upon two con- 
ceptions. The first has to do with inherent stability 
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and is based on the assumption that the regulator sys- 
tem is too sluggish to act before the transient current 
which tends to counteract the demagnetizing effect of 
the armature current has died out. This is the same 
as assuming constant excitation. The second considers 
the proposition that the dying out of the transient is so 
slow that the regulator has, in general, time to get into 
effect before the field has had time tochange appreciably, 
so that the limitation is set not by the synchronous 
impedance of the generators motors and condensers but 
by the leakage impedance, which should also include the 
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leakage set up by the induced rotor currents. This is 
the same as assuming constant internal voltage. 

There has been a great deal of discussion as to the 
proper basis on which the static stability should be 
determined. It has been argued that the synchronous 
impedance is the controlling influence but tests up to 
date indicate that this assumption is much too pessi- 
mistic; the second condition appears to be a reasonable 
assumption provided the rate at which excitation is 
required is not in excess of the ability of the exciter 
system. Several propositions that are necessary to a 
proper understanding of the subject will now be given 
consideration. : 

1. An inherently compensated generator has no power 
limit. This of course is an ideal that would be impos- 
sible in practise since internal heating would always be 
present in a practical machine. Several methods have 
been proposed for the internal compensation of genera- 
tors, which are theoretically correct, but from a manu- 
facturing point of view impractical. Even if such a 
generator were practicable the limitation of prime 
mover governors would make it of. doubtful value. 
It is, however, a useful ideal to keep in mind when con- 
sidering problems of stability. 
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2. A generator having a fixed value of excitation will 
have a power limit depending on the nature of the load. 
This power limit depends upon the value of the terminal 
voltage obtained under load and is therefore larger for 
leading power factor loads than for lagging power factor 
loads. The quantity entering into the terminal voltage 
regulation is the synchronous impedance which will 
vary with the field saturation and therefore is a rather 
crude quantity to use, but it serves quite well in illus- 
trating the problem of stability qualitatively. If the 
load varies in power factor in such a way as to maintain 
constant terminal voltage as well, the load limit is quite 
definite and is obtained by a circle diagram of the same 
form as that for a simple transmission line. If we make 
a family of such circles (Fig. 8) using different values of 
terminal voltage, the loci for loads of constant power 
factor are lines drawn from the origin cutting the 
circles and stopping at the envelope returning back 
again to the origin. The power limit when the power 
factor is fixed is therefore the value of the load indicated 
by the intersection of this line with the envelope. 

3. A generator having its internal voltage fixed will 
have a load limit depending upon the nature of the load. 
The same comments as in the case of proposition (2) 
applied here with the added statement that the actual 
load limit will depend upon the ability of the exciter 
system to maintain this constant field during changes 
of load. 

Static Stability of Generator and Load. (A dead react- 
ive load). A generator excited in the usual way will 
be stable for loads having only fixed resistance and 
inductance and the terminal voltage of the generator 
will be maintained constant within the limits of the 
capacity of the exciter system. During the transient 
stage, following an increase in load, there will be a fall 
in terminal voltage due to the leakage reactance of the 


generator, but this will be corrected as the exciter builds . 


up the field. During the first transient stage, the field 
is kept practically constant by the corrective currents 
flowing in the field circuit and in the damper windings. 
The relation between internal voltage of the generator 
and the load may be easily obtained (Fig. 9) by drawing 
the power output circles for constant terminal voltage 
of the generator with varying internal voltage, drawing 
the locus for a constant power factor load which is a 
straight line drawn from the origin inclined at cos! a 
to the axis of X. It will then be seen that, while the 
diagram indicates no limit, if we superimpose on this 
diagram a similar diagram for the same values of inter- 
nal voltage but for a terminal voltage slightly less than 
the original value (Fig. 9), the power circles of the last 
diagram corresponding in internal voltage to that of the 
first will not always be outside the first, showing that 
an increase of admittance will result, after a certain 
load, in decreasing power at a given power factor, 
with the internal voltage considered constant. The 
condition when the first circle is wholly outside the 
second takes place in the neighborhood of Ey) = 2 E, 
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and for values of H) above this there will be a tendency 
for the voltage to dip on application of additional 
load of any power factor. 

Dead Load with Leading Power Factor. In the. dia- 
eram just given, the generator is assumed to have 
practically no resistance, so that the center of the con- 
centric system of circles lies on the Y axis; the following 
construction, however, holds for generators and motors 
having resistance. Ifa circle is drawn having its center 
at the origin passing through the center for EZ, = 100 
per cent, this circle is the locus of intersection for the 
circles having the same value of FE) but slightly lower 
value of H#, with the system of circles representing 
E, = 100 per cent. 

The Cartesian equation of the system of circles given 
in Fig. 9 is given by 
Ge; a He g)* > (Q. = ja b)? “4 EY oie (6? + i) = 0 

(1) 
In this equation the values H, H, are parameters, fixed 
values of these quantities giving one of the members. 

Let us consider the system FE, = constant; the sys- 
tem is a system of concentric circles with center at the 
point P, = —gE2;Q, =— bE. If now we consider 
E, to vary somewhat from its fixed value, let us say 
diminish slightly, the family of circles for the diminished 
value of #, will intersect the other family of circles 
at certain points which will have significance because 
at these points the value of power delivered will be 
stationary because with increased admittance the volt- 
age will tend to drop as fast as the current increases, 
the value of EH, being considered fixed. 

To obtain the locus of these intersections, differentiate 
(1) with respect to #7, and equate to zero; this gives us 
20 a Eg) 2.0 (Or E; b) + EY (b =o) = 0 

(2) 
Eliminating #2? between (1) and (2) we have 
P? + Q2 + EA OHe) — ee (b2 + g?) = 0 
or 

PP Qe = Ee 0 a 

This is the locus of intersection of contiguous circles; 
EH, = constant when Eis the parameter and represents 
the loci of intersection of contiguous members of the 
family when E’, is considered to decrease slightly. It is 
a circle having the origin as center and which passes 
through the center of the family of concentric circles. 

The circle touching the origin represents the condition 


‘of equality between internal and terminal voltage and 


all the circles that lie within this circle represent the 
condition of load in which the internal voltage is less 
than the external voltage; this condition can only occur 
at leading power factor. It will also be observed that 
where a line from the origin touches one of the circles, 
this represents a double solution and all such solutions 
lie within the circle locus. All points of intersections 
between constant power factor loci and the circles for 
E, = 100 per cent contained in this region within the 
circle locus represent loads that are essentially stable 
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in character, whereas the values obtained outside this 
region are inherently unstable, for the reason that an 
increase of load does not take place naturally since the 
circle for a slightly lower terminal voltage and the 
same value of internal voltage as existed before the in- 
crease falls within the corresponding circle for the 
original terminal voltage and this same value of internal 
voltage. This illustrates the reason why under certain 
conditions the natural regulation of a system may be- 
come quite bad so that there is a tendency to produce a 
slump in voltage when additional load is thrown on, so 
fast that the exciter cannot keep up with it. If, how- 
ever, the characteristic of the load is such as to give 
more leading current, or what is the same thing less 
lagging current, with decrease in terminal voltage the 
stability is greatly increased. 

Induction Motor Load. This-does not differ essen- 
tially from the dead inductive load discussed above but 
the tendency to slump in voltage after a certain load 
may be so marked that the exciter will not be able to 
cope with it and as a result the motor may fall in speed 
below its pull-out point. 

Synchronous Motor Load. Assuming that the termi- 
nal voltage is maintained constant, we shall have 
three methods by which this may be done: 

1. By generator field alone, synchronous motor 
excitation being kept constant. 

2. By synchronous motor field alone, generator 
field being kept constant. 

3. By varying both generator and synchronous 
motor field so as to get the best results. 

The circle diagram for the input to a synchronous 
motor with constant terminal voltage is similar to that 
of a generator with constant terminal voltage except 
that the center of the circles is on the opposite side of 
the origin. In fact if the internal impedance of the 
two machines is thesame, the motor circles are the images 
of the corresponding generator circles with respect to a 
line passing through the origin at right-angle to the line 
joining the centers of the generator and motor circles 
which also passes through the origin. 

For the condition of constant internal field in the 
motor, the circle corresponding to this field strength is 
the locus for the power input to the motor. The 
generator circles passing through these points give the 
generator field required to maintain the terminal voltage 
at the given value. It will be readily seen that a limit 
to the amount of power that can be delivered is quickly 
reached. 

For the condition of constant field of the generator 
the proper generator circle is taken, and the same com- 
ments apply as for the first case. 

Next let us consider the case in which both machines 
are regulated; this must follow some specific scheme as 
both machines cannot regulate to maintain voltage. 

For the condition of constant power factor, the power 
factor line gives the locus of the points of intersection 
of motor and generator power circles which will give the 
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proper field strength for this condition with each value 
of load. 

Mathematically, if unity power factor is taken, for an 
ideal generator and motor, that is to say, machines hay- 
ing no resistance, there is no limit to the amount of 
power. Actually the limit is set by the exciter system, 
for when the internal or field voltage reaches a certain 
value indicated by the circle of intersections, more power 
cannot be taken by the motor or delivered by the genera- 
tor.without an increase in the field strength of either or 
both machines. This may be shown graphically by 
drawing the circle diagram for the two machines based 
on this value of field voltage and varying terminal 
voltage; it will then be seen that the only solutions 
possible under these conditions give lower values of 
power. Therefore, further demand on the system must 
be supplied by an immediate increase in field strength 
or else the characteristics of the motor changed so that 
it delivers more leading current as the voltage decreases. 

This condition does not necessarily imply instability 
but it indicates that without the aid of the exciting 
system a further increase in load admittance may be 
sufficient to cause the two machines to fall apart and 
this might also happen if the exciter system were too 
sluggish. 

The point I wish to emphasize in this discussion is 
that the stability of such systems depends on the ability 
of the system to inherently supply the necessary watt- 
less power required to meet the sudden demand for 
power; fortunately, except under abnormal conditions, 
the demand is relatively slow and plenty of time is 
given for building up the field to supply the necessary 
wattless power. 

The interposition of a transmission line still further 
limits the load that can be transmitted between the two 
systems. I wish to take this opportunity to correct a 


‘statement that has repeatedly been made to the effect 


that the distributed capacity of a transmission line 
compensates the reactance of the line. It is true of 
course that at light loads it causes a rise of voltage 
along the line but it also increases the range of regulation 
and increases the tendency toward instability. It does 
not cut down the size of synchronous condensers as 
much as is popularly believed because the total range of 
regulation of the machine is increased, requiring 
lagging kv-a. at light loads and leading kv-a. at heavy 


loads. 


To determine the static stability of a system consist- 
ing of generators, transmission lines, and synchronous 
motors on the assumption that the voltage is held con- 
stant at the sending and receiving end of the trans- 
mission line, the circle diagram of the transmission line 
at the receiving end is drawn, and the power circles of 
the input to the motor are also drawn to include the 
step-down transformer impedance on the same scale 
and superimposed on them. The same thing is done 
for the sending end with the generator. Several values 
of field voltage of the motor are then taken and the 
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corresponding values for the generator are obtained in 
the usual way from the second diagram. The circles 
for constant field voltage of this value with varying 
value of terminal voltage are then drawn with the cor- 
responding value of transmission circles for both 
sending end and receiving end assuming simultaneous 
reduction in terminal voltage at each end. If the value 
of power input remains stationary for a slight decrease 
in terminal voltage the point of instability is indicated. 
Another procedure is to construct the circle diagram for 
the whole system including the generator and the 
motor leakage reactances checking up with the com- 
plete generator diagram, that is to say, the input of the 
generator considered as part of the transmission 
system and the output of the motor considered’ the 
same way. If maximum output is indicated for either 
machine with constant internal voltage this will be the 
point of instability. 

I have dwelt some time on the problem of static sta- 
bility because it is a necessary introduction to the main 
problem, that of transient stability, as it contains a 
number of the important elements required in the 
consideration of the transient stability problem. I 
have particularly considered the synchronous motor for 
the reason that the characteristics of most supply 
systems can probably be fairly well expressed by a 
modified form of a synchronous motor load. 

Fig. 1 shows the generator, transmission line, and 
synchronous motor in the form of a diagram. Fig. 2 
shows the simplest form of. power system in the form of 
an electrical diagram. In this diagram the internal 
voltages of the collective machines, reduced to a com- 
mon voltage, are expressed by afigureinacircle. It is 
apparently not a far ery from the first form of circuit to 
the second. The main requirement is to obtain an equiva- 
lent system which will give the same voltage wattless power 
characteristics as the system under- investigation. It is 
important to obtain reliable data on the characteristics 
of systems that are to be connected to a high-voltage 
transmission line as the character of the loads will have 
a great deal to do with the stability of the transmission 
line. 


Discussion 


FUNDAMENTAL CONSIDERATIONS OF POWER LIMITS 
OF TRANSMISSION SYSTEMS 


(DoHERTY AND Dewey) 


AND 
ANALYTICAL DISCUSSION OF SOME FACTORS 
ENTERING INTO THE PROBLEM OF TRANSMISSION 
STABILITY 


(ForTESCUE) 
SEATTLE, WASHINGTON, SEPTEMBER 16, 1925 


P. H. Thomas: The paper by Doherty and Dewey empha- 
sizes even more than those of previous date the part played by the 
terminal apparatus in stability of operation. Of course, it 
matters not what the electrical equations show as to the theoret- 
ical capacity of a long line if when terminal apparatus be applied 
to supply power and receive load the combination is unstable to 
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operate, as might easily be the case with loads anywhere nearly 
approaching the theoretical capacity of the line should the usual 
present designs of synehronous apparatus be used. 

However, we have this fact to remember: the capacity of the 
line as shown by equations is an absolute limit without power of 
change until some of the physical constants of the line are 
changed, while the limitations of the terminal apparatus are 
merely matters of economy and cost. The very long transmis- 
sion line may well represent $125 per kilowatt of delivered power, 
while the terminal apparatus costs much less, at least so far as 
the securing of suitable stability characteristics is concerned. 
If the choice lies between limiting the maximum duty of the long 
line and adding to the terminal-apparatus cost, the latter course 
is to be chosen, generally speaking. 

The proposal to correct by simultaneous and automatic 
support of the field magnetizing turns the falling field strength 
when a line is suddenly overloaded is a significant and important 
proposal and the analysis offered is clear and to the point. 
No doubt there are other ways of accomplishing this same 
result. 

The 28 per cent greater load carried by the rectifier-excitation 
test as reported over the regulator test in the experimental line 
is very encouraging. At the critical point of the regulator test it 
is evident that a further increase in power transmitted would 
require a higher actual field magnetism both on account of the 
higher load and on account of the less favorable power factor that 
the line will demand and temporarily also greater on account of 
the initial drop in terminal voltage. It should be noted that the 
motor end must drop behind on the increased load before any- 
thing at all happens in the electrical circuit. But this regulator 
cannot act until the voltage actually has dropped and by that 
time the system has dropped out of step and the regulator never 
gets a chance to try. With the rectifier, however, an excess of 
exciting power is added in the field before the motor drops back 
to the new position for the greater load and the field is ready to 
support the necessary additional power current. 

I think the authors are a little too severe in their reflections on 
the line charging current. While it may be true that with certain 
set-ups due to the limitations in machines, the total theoretical 
maximum power which can be delivered by the line will be 
slightly less over the line having its normal electrostatic capacity 
than over a hypothetical line with no capacity, nevertheless it 
is not likely that charging current will be a detriment under 
practical operating conditions. 

The statement that a certain 300,000-ky-a. station may deliver 
more power over two lines than over three and none at all over 
nine lines is not so significant as it might seem. It simply 
means that, for the three or nine lines, the system is so propor- 
tioned that machine capacity which should be devoted to carry- 
ing kilowatts is absorbed in carrying charging current or that the 
ratio of synchronous condensers to number of lines is not favor- 
able. Either the kv-a. of the station should be inereased by 
building the machines to operate at a lower power factor or shunt 
reactance or other means used to neutralize a part of the charging 
eurrent. It goes without saying that it would not be economical 
to use an unnecessary number of lines. 


With regard to the authors’ Fig. 3 and the discussion of the 
part played by field current, I should like to point out that, with 
a heavily loaded line, there is very little choice as to power 
factor, for this is definitely fixed by the load and the terminal 
voltages and will inevitably be high at the generator end. How- 
ever, there is this advantage of power factor near unity: The 
effect of added lagging current due to increase of load on the 
drop from internal impedance within the machine is small with 
high power factor. This is an important matter. 


Since the power factor changes with every change in load on 
the long line, the curves of Fig. 3 should be supplemented by 
other curves showing the effect of such change of power factor, 
and these modified curves might easily show a different best 
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relation between low-power-factor and high-power-factor load- 
ing from that indicated by the uncorrected curves. 

One other point: the authors state that the scheme of using 
divided line conductors to reduce reactance and increase capacity 
has not found favor partly because of the increased charging 
current. As I see it, this increased charging current is, on the 
whole, no disadvantage, for on any useful loading it greatly 
improves the line power factor. 
current will tend to reduce the field current setting in generators, 
this is a matter affecting only the performance-of the generator, 
subject to correction in a number of ways. If the rectifier ex- 
citation scheme proposed in the paper or any equivalent scheme 
is available, this objection to the high charging current 
disappears. Meanwhile the reduction of line reactance which 
accompanies the increase in capacity with divided conductors 
means an increase of substantially the same proportion in the 
maximum load the line will carry, assuming the percentage of 
line resistance loss to be kept constant. With a 20 per cent 
inerease in line capacity in a 350-mi. line and with a favorable 
line power factor, any generator difficulties from the additional 
charging current would no doubt be eared for in the same suitable 
way. As a matter of fact on any full loading no charging current 
would appear at the terminals as the reactance energy of the line 
would absorb it. 


F. L. Lawton: In the paper by Messrs. Doherty and Dewey, 
considerable emphasis has been given the question of voltage 
regulation of the synchronous equipment of transmission systems. 
This, however, is in line with the papers! and discussions” at 
the last Midwinter Convention when the subject of high-speed 
excitation was given prominence. 


As the method of regulation outlined by Messrs. Doherty and 
Dewey—viz., the use of mercury-are rectifiers as adjuncts in 
the excitation circuits of transmission-system synchronous 
equipment—is probably the most promising development look- 
ing toward increased system stability, it seems wise to discuss it 
somewhat in detail. 


During the course of various investigations of the stability 
of power-transmission systems, it was realized that consider- 
ably greater stiffness in a system would be desirable; also, 
that such greater stiffness could be secured by, the use of ex- 
citation systems having a time constant much smaller than 
usual. As a consequence, Messrs. Fortescue and Wagner dis- 
cussed results they had obtained with a so-called high-speed 
exciter, at the 1925 Midwinter Convention.* : 

While it is true that less voltage fluctuation will oceur during 
load or short-circuit transients, when the synchronous machines 
of a power system are excited by high-speed exciters, it must 
be remembered that such exciters are inherently not different 
from any other exciter, so far as behavior under transient con- 
ditions is concerned. That is, when lagging load is suddenly 
added to a generator so equipped, the terminal voltage drops. 
The decrease in voltage energizes the Tirrill-regulator relay 
which short circuits the exciter field resistance, permitting the 
generator field current to increase. 

After an appreciable time, the alternator terminal voltage is 
restored to the normal value. Inasmuch as the alternator arma- 
ture reaction is not compensated for at the time it occurs, the power 
limit, for slowly applied loads, of any system equipped with 
high-speed excitation equipment, is no greater than for a system 
provided with normal exciters. Furthermore, as it is now re- 
alized that a power-transmission system is inherently stable 
for any load up to the steady-state power limit, no matter 
how added, there is comparatively little advantage in the use 
of such high-speed exciters beyond the reduction of voltage 
fluctuations. - 


1. Power System Transients, V. Bush & R. D. Booth, A. I. E. E. 
JourNnaL, March 1925, p. 229. ; 

2, Discussion, A. I. E. E. Journat, July, 1925, pp. 766-771. 

3. A.I.,E. E. JourRNAL, pp. 767-770. 
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Let us consider the case of an alternator equipped with. an 
ordinary excitation system with the addition of a mercury-are 
rectifier, excited from the line, as an adjunct. When a lagging 
load is thrown on such an alternator, the rectifier supplies an 
excitation current proportionate to the line current, varying 
simultaneously with it. As a result of the simultaneity of action, 
the alternator armature reaction is at all times counterbalanced by 
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a proportionate field current. That is, the armature reaction is 
effectively neutralized. 

As Messrs. Doherty and Dewey have indicated, a reduction 
of about 50 per cent in effective armature reaction was obtained. 
While this reduction was not so great as theoretically possible, 
nevertheless it resulted in an increase of 28 per cent in the 
steady-state power limit of a 250-mi. miniature system. 

It is worthy of note that this gain was maintained during 
tests involving the sudden addition of loads when, if ever, it 
might be expected that the rectifiers would be ineffective. Not 
only were increased power limits obtained, but practically no 
decrease in voltage occurred when a large load was suddenly 
added to a system equipped with mercury-are rectifiers; but as 


PERCENT OF NORMAL VOLTAGE 


TIME IN SECONDS 


2—Votrace DisturBance Durine A SinGLE-PHASE, 
Line-To-LINE SHORT Circuit ON A 220-M1LE System 


much as a 20 per cent momentary drop in voltage occurred when 
the same load was added in the same way to the system using 
normal Tirrill-controlled excitation systems. 

The advantages of rectifiers as adjuncts in the excitation 
circuits of transmission-system synchronous equipment are 
probably most marked in the ease of system short circuits. 
Tests similar in all respects except the excitation circuits have 
been made on the systems illustrated by the accompanying 
Fig. 1 to determine the maximum amount of power which could 
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be transmitted with stable operation under the condition of a 
half-second, single-phase, dead, Hne-to-line short circuit at the 
mid-point. It has been found that the system with rectifiers 
could carry 50 per cent greater load with much less fluctuation 
in voltage. To illustrate the comparative voltage fluctuations, 
Fig. 2 herewith has been prepared. Case A, Fig. 2, shows the 
three receiving-end voltages for the system of Case A, Fig. 1, 
while Case B gives the corresponding voltages for the other, 
system. While the duration of short circuit for Case B was 
somewhat less than for Case A, the load being carried prior to 
the short circuit was 35 per cent greater and the initial short- 
circuit current 50 per cent greater. In spite of these unfavorable 
factors, the decrease in voltage was less with the system of 
Case B; virtually no over-voltage occurred when the short 
circuit was cleared. With the system of Case A, considerable 
excess voltage occurred some time after the clearance of the 
short circuit; a much greater time was required for the restora- 
tion of normal voltage. ( 


The above facts illustrate the very important advantages 


which may be gained by the successful application of mereury- 
are rectifiers in the excitation circuits of the generators and 
other large synchronous equipment of power-transmission 
systems. There appear to be no disadvantages beyond the 
possible necessity for oil circuit breakers of a somewhat higher 
rating, at a few points. 

In conelusion, it appears that the only high-speed excitation 
system which will enable the securing of increased system power 
limits, for all conditions of operation, must be such that the 
armature reaction of the synchronous machines is effectively 
neutralized by the addition of field ampere-turns in the proper 
space-phase simultaneously with the occurrence of the armature 
reaction. 

I believe the mereury-are rectifier, properly applied as an 
auxiliary in the excitation circuits of synchronous units, is the 
first development giving promise of a real increase in the power- 
transmitting capacity of transmission systems. 

S. B. Griscom: The statement by Messrs. Doherty and 
Dewey that, during transients, “the synchronous apparatus 
becomes inherently more powerful’ is not clear. The field 
transient accompanying an increase in armature current is of 
such a nature as to tend to prevent the main field flux from de- 
creasing, but it does not strengthen it. Actually, the magnetic 
flux starts to decrease immediately upon an increase in arma- 
ture current, and consequently the field becomes weaker. An- 
other way of stating it is that the very presence of the additional 
field current, flowing through the field resistance, is due to a 
decreasing field flux. 


Under “Regulation,” it is stated that the slope of the 
voltage-power curve determines the degree of stability. I 
should like to point out that such a criterion does not take into 
consideration the mechanical transients which are always co- 
incident with an unstable condition, and it may, therefore, 


lead to erroneous conclusions. In the region where ap- 


d ; 
proaches infinity, approaches zero, because a6 is 


dP 
dt 
limited by the mass of the synchronous machines. For this 


reason becomes very small and, in the ease of large 
systems having heavy masses, is undoubtedly much less than 
the combined time constants of voltage regulators, exciters, and 
generator fields, for anormal building up of load. The maximum 
load which may be carried under steady conditions is therefore 
considerably inereased by the use of voltage regulators. This 
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conclusion agrees in a general way with similar conclusions by the 
authors, although in some cases apparently contradictory state- 


’ ments and data are introduced. 


In particular, it-would be expected that the tests reported 
at the bottom of page 982 should show nearly equal 
maximum loads for the two forms of excitation used, provided 
the load was built up by increments that were small as compared 
with the stored energy released during a small shift in phase of 
the synchronous motor. It is also probable that a load consist- 
ing of a large number of small synchronous units would cause the 
power transmitted over the line to change more slowly, giving 
more time for the regulator to function. 


In a similar manner, voltage regulators on synchronous con- 
densers located at intermediate points on a transmission line, 
by holding the voltage constant under a gradually increasing 
load, should permit a much greater power to be transmitted 
than the same line with the same total condenser capacity located 
at the receiver end only. The maximum power limit of such a 
system, as given by the authors, appears to be entirely too low 
for a condition of steady loading. During transients, the 
maximum load that can be transmitted safely is considerably 
reduced but will still be much higher than a straight-away line 
for the same disturbance. 


The use of synchronous condensers at intermediate points has 
been discussed a number of times, but the advantages apparently 
have not been fully appreciated. Condensers are usually in- 
stalled for the purpose of voltage regulation and since the re- 
ceiving end of the line is usually the only point where voltage 
regulation is needed, all of the condensers are located there. 
However, the real function of the condensers is to supply the 
reactive energy loss due to the flow of current through the line 
reactance. This loss is distributed practically uniformly over 
the length of the ne and consequently a reduction in copper loss 
and a slight decrease in total condenser capacity may be effected 
by installing a portion of the condenser capacity at an intermedi- 
ate point. Such an arrangement would tend to reduce short- 
circuit currents, particularly at the receiving end which is usually 
a point of high power concentration. Location of condensers at 
intermediate points should not prove unduly expensive or diffi- 
eult because, in the majority of cases, switching stations and 
attendance will be required for line sectionalizing.. Machines 
of suitable characteristics and equipped with a high-speed 
excitation system, or compensation, are of particular advantage 
for this application. It should be noted, however, that such 
features are made desirable principally by the conditions ob- 
taining during transients and not for steady loading. 


R. D. Evans: Probably the most interesting data submitted 
by Doherty and Dewey.are the results of the calculations shown 
in Fig. 2 of their paper. This figure shows the “Maximum power 
which can be transmitted 250 mi. at 220,000 volts, shown as a 
function of the capacity of synchronous apparatus, and the 
number of transmission circuits.” 

The curves of Fig. 2 were presented for the purpose of showing 
the importance of the charging kv-a. of lines in reducing the 
power limit and they serve this purpose in an excellent manner. 
However, the important effects of the charging kv-a. in limiting 
the maximum power appear only when the synehronous capacity 
is small in comparison with charging kv-a. of the transmission 
line. This condition of operation would suggest that a lower 
transmission voltage would give higher actual power limits. 

The condition in which the generating capacity is small per 
line is of relatively minor importance because the power to be 
transmitted per circuit at 220 kv., 250 mi., must be of the order 
of 75,000 to 125,000 kw. in order to be within the economical 
range at the present time. With this relation in mind, it is 
advantageous to compare the results shown in Fig. 2 for different 
ky-a. capacities of synchronous apparatus. In the first place, 
it will be noted that the characteristics of machines assumed by 


. Doherty and Dewey are such that the rating of the machine can- 
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not be developed because the power limit of the system is ap- 
proximately two-thirds of the nominal capacity of the synchro- 
nous machines; that is, 100,000-kv-a. capacity on this line will 
show a power limit of approximately 70,000 kw. per circuit. 
If the characteristics of the terminal equipment are altered so 
that the reactance is approximately two-thirds, and the field 
current approximately three-halves of the values assumed,the 
power limit would be increased to approximately 100,000 kw. 
This condition would correspond to the curve given in the paper 
for 150,000 ky-a. in synchronous apparatus. Similarly, if a 
power limit of 150,000 kw. were to be obtained, the machines 
should have approximately somewhat less than two-thirds the 
reactance and more than three-halves of the excitation of the 
machines assumed by Doherty and Dewey. In other words, 
the power limit per circuit can be increased up to at least 
125,000 kw. per circuit by the use of machines of suitable char- 
acteristics. Thesignificance of this discussion is that the desired 
static limit may be obtained by merely modifying the authors’ 
assumptions so as to employ machines of lower reactance and 
higher excitation. In the absence of alternatives, which are still 
in the development stages such as special regulator and compen- 
sator schemes, the use of machines of suitable characteristics 
is a practical solution available at the present time for producing 
quite marked increases in the stability of systems. 

In view of the position taken by the authors that static 
limits are the only limits that are worthy of computation, it is 
interesting to compare the calculated static stability limits as 
given in Fig. 2 of the paper with the practical results of experi- 
ence on an actual 220-ky. system. For a single-circuit, 250-mi. 
transmission system operated at 60 cycles, with approximately 
200,000 kv-a. in synchronous apparatus at each end, the static 
limit is calculated to be about 115,000 kw. In the June issue 
of the Electric Journal, H. A. Barre states that the static limit 
of the Edison System was reached under a particular emergeney 
condition. For this condition, power was transmitted from 
240 to 270 mi. over a single circuit at 220 kv., 50 eyeles, with 
approximately 200,000 ky-a. in synehronous apparatus at each 
end,and the statie limit was found under actual operating con- 
ditions to be 183,000 kw. One would expect that the static 
condition on the Edison system would correspond well with the 
other condition mentioned previously, the greater length of the 
50-cycle system and the probably greater transformer impedance 
roughly compensating for the increased frequency upon which 
the caleulations were based if the authors had assumed machine 
characteristics corresponding to those of the synchronous appara- 
tus on the Big Creek system. What is the explanation of this 
discrepancy from 183,000 kw. on an actual system to 115,000 kw. 
as given in the calculated results? In the first place, the exact 
assumptions used by Doherty and Dewey are not stated, and 
it may be that the explanation lies in them. If such is the 
ease, the Fig. 2 should be interpreted with care. A possible 
explanation may lie in the fact that probably synchronous 
motorload was assumed in the Doherty and Dewey calculations, 
whereas the actual system involves a certain amount of resistance 
load which would cause the power to fall off with drop in volt- 
age. The influence of the load characteristics is not mentioned, 
so far as the writer can recall, at any point in the paper, and it 
may be that this factor is of importance in the particular case 
of the static limit on the Edison system and under certain con- 


ditions would undoubtedly be of great importance in other cases. — 


The explanation of the discrepancy between the calculated 
maximum limit and the maximum limif obtained under actual 
operating conditions is, of course, very important. It is worth 
pointing out that-actual static limits may berappreciably in 
excess of calculated limits which do not take into account all 
the factors affecting stability. 


S. W. Copley: These two papers indicate that the methods 
of calculation used do not differ greatly fundamentally, but 
there is some difference between them in the assumptions made 
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as to the values used for the characteristics of the terminal 
apparatus. This difference causes some important divergence 
in views as to the power-limit figures. Possibly Doherty and 
Dewey are too pessimistic in their assumptions with respect to 
the reactance of terminal apparatus, or they have not given 
enough credit to the action of voltage regulators in holding 
the system together. Both of these points warrant further 
investigation. Machines of lower reactance ean be designed 
and a regulator which has higher speed characteristics is a possi- 
bility. There are certain drawbacks to the application of 
such machines and regulators, but if the limits of power trans- 
mission must be raised the disadvantages can without doubt 
be overcome. 

C. L. Fortescue: Messrs. Doherty and Dewey have pre- 
sented with clarity the characteristics of synchronous appara- 
tus which are of importance in the problem of stability. In 
dealing with the stability of machines of this type, they have 
laid much stress on the fact that high power factor is detrimental 
to stability, as it involves low excitation or, what is the same 
thing, low internal voltage. While undoubtedly at times, trans- 
mission lines reach very low loads in which the excitation is 
correspondingly low, I do not know of a single case in which a 
system was thrown out of step by a sudden increase of load or 
a short circuit due to low excitation. I believe that the ex- 
planation which I shall give later will account for the fact that 
instability under such conditions is practically unknown. 

While I believe we should keep such cases in mind as elements 
of the problem, I feel that the authors have over-emphasized 
their importance and may, therefore, produce a false impression 
in the minds of those who are not sufficiently familiar with the 
problem. A properly designed transmission system will make 
provision for the generators not to supply al] of the charging 
current at light load, and, at heavy loads, the generator power 
factor will be normally lagging. Two transmission lines properly 
designed with the proper size of generating station and with 
proper provision at the receiver end and intermediate points 
to take care of the line reactive-volt-ampere requirements will 
always transmit more power than one line. I state this faet 
not because I believe the authors intended to convey the opposite 
impression but because the emphasis they lay on certain features 
of generators and synchronous motors might easily convey the 
opposite idea to the minds of those who are not closely in toueh 
with the problem. 


I had felt encouraged when I read the statement made by 


‘the authors on the fourth page, column one, and in the first 


part of column two as to the importance of excitation, though 
I will take issue with them in regard to part of the statement by 
referring to a discussion on excitation in last Midwinter Con- 
vention by several of my colleagues in which the possibilities of 
high-speed excitation were discussed at some length and with 
considerable emphasis. Later on in their paper I was disap- 
pointed to find that the authors had reached the conclusion 
that high-speed excitation would not fit the bill but inherent 
regulation was what would be required. Again I must take 
issue with them in this matter and state that in my opinion they 
have reached an erroneous conclusion and their error is mainly 
due to their failure to perceive that the so-called statie-stability 
problem is in reality one of transient stability.. 


I shall first show by means of a simple mechanical model 
that if generator and motor are provided with perfect regulators, 
no matter what their characteristics, they will furnish power up 
to the stability limit of the line itself. The model which I 
have in mind is quite simple and was devised by S. B. Griscom. 
If two sticks pivoted about one point are connected at the two 
ends by an extensible elastic string such that its linear extension 
is proportionate to its tension, and if torque be applied to one 
member, the restraining torque on the other member will rep- 
resent the power output of a line. The applied torque is the 
power input. The above applied to a line having no losses 
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but having reactance and distributed capacity. This assump- 
tion involves no appreciable error in considering the actions 
that cause instability because the resistance of the line and 
generators has only a small effect on the stability problem. 
One may picture one of these pivoted members attached rigidly 
to the shaft of a motor and the other to the shaft of a generator. 
The motor drives the generator at constant speed, using this 
device as a mechanical transmission. As the generator load 
inereases, the elastic connection would be extended in such a 
way that the sine of the angle between the two members will 
increase in proportion to the load. If we keep on loading the 
generator, the angle between the two members will finally be- 
come a right angle, at which point the mechanical transmission 
system will have reached its maximum ability to transmit 
power and the system will become unstable. 

Now the internal voltages of the generator and motor may be 
represented by two additional sticks (as shown in the accompany- 
ing illustration) as extensions of the transmission line beyond 
this angle. The terminal voltages are kept constant; that is 
to say, the length of the original two pivoted sticks. As the 
angle is increased, the elastic line is kept straight by increasing 
the sticks representing the generator and motor internal voltages. 
Using this model, it ean be shown that the torque at the genera- 
tor will reach its maximum when the two members representing 
the terminal voltage of the transmission line are at an angle of 
90 deg. with each other. 


I have made no restrictions as to the characteristics of the 
generators and motors except in the matter of losses as in the 
case of the transmission line, but it is easy to show by means of 
the model that the rate at which the internal voltage must be 
increased with increase of load is very much influenced by the 
internal characteristics of the machines, and if we make the 
internal leakage impedance low, we shall not require to have as 
great a range of excitation. 

Objection may be raised that ideal excitation systems do not 
exist and that commercial regulators are too slow. The ex- 
planation resides in the fact that the problem is, in reality, not 
one of static stability but one of transient stability. You must 
remember that instability involves a change in angular position 
and this means a change in angular position of the generator 
rotor and the motor rotor as well as of the line terminal voltage. 
The electrical angle and mechanical angle are, you might say, 
irrevocably tied toyether and to deliver power to a motor through 
a line at a given excitation requires that they must take up a 
definite angular position with reference to each other. In my 
paper, I have pointed out that the angular relation is a eontinu- 
ous function of the power and is therefore suitable for analytical 
work whereas the voltage at the terminals is a discontinuous 
function and is not suitable for analytical work. 

The fact that the angular positions of the rotors must change 
with change of load introduces the natural period of the system 
into the problem of voltage regulation and this means also that 
sluggishness of the hydraulic or steam governor may have some 
advantages. If the load is increased, the motor slows down and. 
so does the generator. In slowing down, the motor supplies 
part of the increased load by inertia, The generator supplies 
part of the inerease in transmitted load by inertia at a slightly 
lower frequency, so that matters are improved from a stability 
point of view, since, during this stage, only part of the increased 
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load must be transmitted and also because it is transmitted 
at an appreciably lower frequency. While this is going on, the 
regulator has had time to get in its work and if the angular 
change is not too great, the voltage regulator will catch up be- 
fore the angular displacement has reached the point where the 
system will pull apart at the increased value of load. Theoreti- 
eally, this may be carried out close to the limit of stability of the 
line, providing the load increments are not so great as to cause 
large swings. 

The authors have made no mention of the effect of the char- 
acteristics of the load and have merely touched on the improve- 
ment to be obtained by changing the generator characteristics, 
dismissing it with a statement that it will prove too costly. I 
wish to take exception to this statement and to say that such 
changes can be made with a small increase in cost over that 
of standard generators and the increase in the ability of the 
system to transmit power will more than counterbalance this 
added cost. Such generators are immediately available and, 
with specially designed high-speed exciters, will permit of opera- 
tion of transmission lines with a high stability limit. 

In regard to the problems of internally compensated machines, 
much progress has been made along these lines, but since it is 
still in the development stage, very little can be said about it at 
present. It is possible to compensate a generator completely 
and even to extend this compensation to cover the impedance 
of transformers so that the generator has the characteristics of 
the infinite system of which Mr. Doherty and Mr. Dewey speak 
in their paper; but there are grave questions to be considered 
in the application of such machines. The rapid retardation 
and acceleration, caused by short circuits, and the subsequent 
clearing of the lines may produce mechanical stresses of great 
magnitude. In all probability some limiting device will be 
needed to limit the amount of current that can be delivered 
above a certain value. 

Regarding the matter of transients due-to short circuits, I 
agree with the authors that experience has shown that in existing — 
systems with suitable relay protection, short circuits do not 
constitute a serious problem in operation. However, they 
make the statement that experience is the best guide and that 
calculations are always made on the basis of conservative prem- 
ises and are therefore too pessimistic. The transient condition 
under short circuit will undoubtedly be the factor which will 
determine the ultimate rating of a transmission line and it be- - 
hooves us to avoid being so conservative that our results are 
pessimistic. 

I believe that we can or will be able to compute, with a fair 
degree of approximation, the results of a short circuit either to 
ground or between phases if we are provided with proper data 
as to ground resistance and load characteristics. I am further 
willing to go on record that we shall be able to install apparatus 
that will enable us to approach within a reasonable distance of the 
effect of an infinite system, not only on a straight-away transmis- 
sion but also for one using intermediate synchronous condensers 
so that, with the latter system, the stability will be determined by 
the weakest section. ; 

The automatic voltage regulator is not a hopeless problem for 
it is assisted by the fact that it takes time for the system to 
change its angular position whereas the terminal voltage changes 
instantly. Moreover, the internal reactions are resisted by 
inherent flow of exciting current. Therefore, the voltage regula- 
tor has time to act before the system gets beyond control. 


P. H. Thomas: Mr. Fortescue, with his usual skill, has 
developed generalized equations for showing the theoretical 
limits of stability in electric systems containing synchronous 
machines. 

The most difficult and illusive part of the problem of stability 
is the determination of the numerical value of the parameters of 
stability in particular cases and especially for the pendulum 
action or the tendency to overswing when a change of load in a 
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system or its equivalent requires a new position of equilibrium. 
The principles involved are well understood and at least one 
analytical and one electric analog method have been proposed. 
These, however, are merely methods of overcoming the mathe- 
matical difficulties of the solution and still leave untouched the 


difficulty of properly evaluating the factors of losses and damper 
currents. 


As is well known, any damper current set up by an advance 
or retreat in the position of the rotor with regard to the revolving 
field of the stator will tend to reduce, temporarily, the forces 
driving the rotor toward its new position of equilibrium and 
similarly, if the rotor over-shoots, these damper currents tend 
to restrain the over-swing. If sufficiently powerful, these 
forces may render the swing of the rotor dead-beat. The con- 
ditions governing the effect of these damper currents, which 
will usually be of very low frequency, should be fully studied 
to see what can be done therewith to restrain the overswing. 


These damper currents should be controlled by the resistance 
of the damper rather than its reactance, but subject to this 
limitation the damper resistance should apparently be as low 
as possible. The field winding, having by far the greatest 
weight of copper surrounding the field poles, would naturally 
have the most effective damper action. 


While Mr. Fortescue has given a definition of stability which 
is entirely logical, we shall ultimately need something further, 
viz: a standard test or criterion to be satisfied by any particular 
system to insure reasonable continuity of operation. 


1t is yet too soon to offer such a criterion for actual adoption, 
but ultimately something in the nature of an overload to be 
taken at a certain power factor, or a drop of voltage (taking 
account of both ends of the line) that must be sustained without 
falling out of step, will be required. 

It is gratifying that much has been done to render the terminal 
apparatus more responsive to its duties—but still more is 
desirable and no doubt possible, on account of the dominating 
importance of the cost of the line as compared with the cost of 
. regulating and exciting means. 

R. E. Doherty: I agree with the general point of view expressed 
by Mr. Fortescue—namely, that the lack of any great amount 
of trouble from instability up to the present time should not be 
interpreted as evidence that such a thing is not possible with 
longer lines and greater power, that, in any study of the problem, 
all elements of the system, including generators, exciters, con- 


densers, lines, ete., and not merely one element of it, should be . 


considered, and that the probleminvolvestwofundamentally differ- 
ent ‘‘states’” of operation—‘‘transient’’ and “steady’’—during 
which the operating characteristics of the apparatus are different. 
I also agree with the general exposition regarding the angle- 
power relations, only in so far as it gives a physical, qualitative 
picture of the phenomenon. I strongly endorse his appeal for 
reliable information regarding ground resistance and would add 
an appeal for recorded data and system experience during 
single-phase short circuits. And, finally, I endorse the view that 
the mathematical, or even graphical, determination of stability 
of such system networks as comprise our modern power systems 
is quite beyond the range of practical possibility. For these 
cases an equivalent system from which the required values can 
be obtained by test becomes necessary—just as for the same 
reason, it is necessary to thus determine short-circuit currents 
in complicated networks. 

Such methods are available; the equivalent system proposed by 
C. A. Nickle* affords a valuable means of studying the power 
oscillations during transients, and the scheme proposed by 
Spencer and Hazen’ affords a means of testing steady state power 
limits with practical accuracy. The latter method assumes sine- 

4. Oscillograph Solution of Electro-Mechanical Systems, by C. A. 


Nickle, Jour. A. I. E. E., p. 1277, Dec. 1925. 


5. The Artificial aa of Power Systems, H 
and H. L. Hazen, A. I. E. BE. Journau, January, 1925, page 24, 
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wave relation between power and angle, and is, therefore, roughly 
correct for maximum power studies. Nickle’s method, however, 
in its present state of development, assumes linear relation 
between power and angle, and is, therefore, limited in this par- 
ticular application to a study of the behavior of the various 
components of the system during those transients which do not 
involve power swings beyond the point where the linear relation 
ceases to hold. However, there are many interesting and im- 
portant phenomena bearing on stability which can thus be deter- 
mined, and if a circuit element giving the sine-wave relation is 
found, the maximum power can also be determined. The 
company with which I am associated is now completing the 
development of both of these facilities. While, of course, further 
improvements are ahead, the present development provides a 
very helpful aid, and, in my opinion, is a significant step forward. 

There are a few points in the paper with which, if I interpret 
them correctly, Ido not agree. They are relatively unimportant 
with respect to the general problem to which I have referred 
above, but have importance only in numerical calculations. 
I refer to the author’s statement that the steady-state limit 
depends upon the leakage impedance and not upon the syn- 
chronous impedance. Making due allowance for saturation, 
which, in effect, reduces the impedance, the steady-state, ultimate 
power limit at normal voltage is determined by synchronous 
impedance, not by the leakage or ‘‘transient’’ impedance. A 
steady-state, hand-controlled test, giving a family of voltage- 
power curves (as in Fig. 3 of the paper by Mr. Dewey and 
myself) shows the same power maxima as determined by 
automatic regulator tests, and as calculated, using synchronous 
reactance. While it is possible with an automatic regulator, as 
it is not by hand control, to throw on suddenly loads equal to the 
ultimate maximum steady-state power, it is nevertheless not 
possible, according to our tests and conception of the problem, 
to carry significantly more than that by using a regulator 
actuated by the alternator terminal voltage and.operating on a 
shunt- or compound-wound exciter of quick response. This is 
discussed fully in our paper. 


In discussing the group of papers by Mr. Fortescue and his - 
colleagues at the Midwinter Convention in 1924, I stated power 
limits which ‘‘in the present state of engineering knowledge’’ I 
considered to be justified. I said: ‘‘We must neither gamble 
that a voltage regulator will be able to insert a supporting prop 
under an otherwise falling system, nor depend for stability during 
load transients upon possible momentary favorable conditions 
due to momentary and field transients.’’ Now theintensive study 
and investigation of the past year and a half has shown what we 
did not then know—that, up to the ultimate maximum power 
value, as determined by tests under hand control, the regulator 
can be depended upon to insert ‘‘the supporting prop,” but not 
beyond that limit. I understand the author’s statement to be 
that the regulator makes it possible to carry a constant load 
significantly greater than the above maximum; with this I 
disagree. 


I do agree with the author that the object ee with an 
excitation system is to obtain the same characteristics as would 
be afforded by a machine which would inherently maintain con- 
stant flux linkages—one in which the field and damper resistances 
were zero. To say the same result would be obtained by an 
exciter of quick response which holds the alternator field approxi- 
mately constant is in all respects parallel to the statement that 
if the terminal voltages at both ends of a line were held approxi- 
mately constant by a regulator (as they can be, even by hand 
control, with gradual increases of load) the ultimate maximum 
power would be that of the line alone; 7. e., all limitations in the 
generator would thus be compensated, sen obviously is not 
true. Yet the two cases essentially involve the same elements. 
It can be shown that, following a load change, the flux change of 


6 Exciter orvieg net R. E. Doherty, A. I. E. E. TRANSAcTIONS, 
1922, page 767, eda. 3! 
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the alternator field, —e is not zero, but essentially negative, 
unless a series negative resistance is introduced in the alternator 
field circuit. A method for obtaining this is described in our 
paper. A shunt- or compound-wound exciter, of however quick 
response, does not have this characteristic. Fortunately, 
however, for any load up to the ultimate steady-state limit 
at normal voltage, the ordinary exciter and regulator usually 
suffice; and this steady-state limit cannot, so far as our study 
and tests show, be inereased by speeding up the exciter 
magnetically. 

R. J. C. Wood: The main reaction I get from these papers 
is a feeling that perhaps we are using the wrong term when we 
talk about instability. We are not, ourselves, putting up the 
money to build these big systems, and I think that anything 
which unduly suggests a weak point in transmission should be 
avoided. I do not mean by that we are to conceal the truth 
in any way, but there is a psychological effect produced by the 
word “instability”? which I do not think is produced wher we 
talk about power limit. 

What we are getting at is the power limit of a system. There 
are various things which limit that power; thecurrent may be so 
great that the wire will fuse and fall in half, or it may be this 
‘Snstability”’ that we are talking about. 

If you go out to buy an automobile you take the automobile 
out and try it and you run it up a hill and the hill is of increasing 
steepness. After a time that car just lies down and quits. 
You have not an unstable automobile; you simply have reached 
the limit of its ability. Perhaps you kill the engine; perhaps 
you spin the hind wheels. That might be an illustration of the 
generators falling out of step. 

It would be better if we could think and speak of this more in 
terms of power limit; everybody is familiar with the idea of a 
limit of endurance, both humanly speaking and as regards 
apparatus and machinery. 

Roy Wilkins: I am employed by a company owning an 
interconnected system of upwards 8000 mi. of line 60-ky. and 
over, and with a total generating capacity of a little over 880,- 
000 kvy.-a. The connecting rotating load is about 2,000,000 
h. p. At different times there have been tested 110-kv. lines up 
to 500 mi. in length in operation and carrying load, and loops 
as long as 350 mi. 

I should like to point out certain road signs in the line of 
“don'ts” for people who, in the actual power industry, take up 
the study of power limits or instability as it has been ealled. 
First, don’t worry about anything except the actual operating 
conditions. You will find trouble enough without running into 
any weird combinations which are impossible operating con- 
ditions. Second, don’t expect to simplify the problem and 
still check the performance of a complete transmission system, 
because in a transmission system, every piece of connected 
apparatus has certain characteristics. These characteristics 
are all in their proper places, proper order, and proper values. 
Any simplification méans a certain amount of error. 

At the present time, there is too little known about circuit- 
breaker operations, corona, W Re, impedance, load character, 
and load power factor, together with certain cases of trouble 
as grounds, etc. As a passing note, nobody, at the present 
time, knows exactly what ‘load power factor’ is. I haven’t 
been able to measure it in a year and a half. The final result 
will come from a mass of accumulated operating data just as in the 
past for the final solution the twenty-year old problem of a 
grounded-neutral system came not from brilliant mathematics 
or special studies, but from the final check and the actual operat- 
ing procedure of a great number of operating systems. 

F. G. Baum: If you will read the Transactions of the 
Institute of twenty years ago you will find that the problem 
of stability was then one of very great importance and a great 
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deal of work was done on it at that time. The reason for its 
importance was this. The Stanley Company made for opera- 
tion on the first long transmission systems an inductor type 
of generator which had no revolving coils of any kind. The 
generator had 100 per cent reactance. It was good for the 


‘conditions which then existed, since we had only air switches 


with which to open the circuit. If there was a-short circuit, 
the voltage dropped to zero and you could open the circuit with 
the air switches. 

Generators were actually advertised as being capable of being 
short-circuited without damage and only a few years ago many 
engineers were specifying that the short-circuit current should 
not be over so many times normal current. 

We are now talking transmission-line stability again, and 
the generators are the main element in it. The transmission 
line will take care of itself if you will take care of the generators. 
The reason we are talking so much about instability is because 
we have flashovers, or expect them, and therefore want to be 
ready to take up and quickly replace the difficulty caused by 
the flashover. In other words, the trouble now is with flash- 
overs, while twenty-five years ago it was that we didn’t have 
any switches. At the time the Stanley generator was put out 
I was in charge of the operation of the Pacific Gas and Electric 
Company in which we had a number of these generators and 
the regulation was very poor. The voltage variation under 
normal operations was so bad that we couldn’t operate lights 
at the same time as motors. Something had to be done so we 
applied to all the synchronous apparatus an excitation in propor- 
tion to the load. All the d-e. load current was taken around the 
exciters and the voltages built on the d-c. exciter in proportion 
to the load. 


At that time I also worked out a regulating scheme for the 
a-e. generators which would build up the generator voltage in 
proportion to the drop in voltage due to the load, which as you 
know is practically J sin 6. I wasn’t popular for proposing 
that because the generators were being sold because they had 
poor regulation, and I proposed to make them good. 


For the last year and a half we have been making quite 
elaborate tests on power limits of transmission systems, and 
I agree with Mr. Wood that it is power limits and not instability 
which we are talking about. We don’t get instability unless 
we have troubles outside of those that are expected. and most 
of those come from flashovers. Stop flashoversand you won’t 
get the instability. 


The tests made have checked calculations very, very accurately. 
Early last spring we calculated the power limit on the Pit River 
System as 185,000 kw., using a power-angle diagram, which you 
will find in the Electrical World in 1902. The limit of the Edi- 
son system under actual operation has been found to be 183,000 
kw.and if you will allow for the increased length of line and 
decreased frequency the results check. 


I want'to express surprise at the suggestion made in the Doherty- 
Dewey paper for the use of series capacity in the transmission 
line. You can do that in a radio system but to consider it 
seriously for a transmission line seems unreasonable. 


The most important part of the transmission system today is 
the oil switch and relays. If we didn‘t have them today we 
couldn’t operate our transmission systems. Any electric power 
system of high or low voltage and without proper relays, switches, 
and fuses to eliminate defective line sections is inoperative. I 
think you will agree with that, so I say work on the oil switches 
and relays. First work on the flashovers, and get rid of those 
so the switches won’t have any more to do than necessary. Then 
when you get through with that, static stability will be the 
criterion of your power line and not transient stability. 

A statement has been made with reference to the lmita- 
tions of long-distance power transmission, which was quoted in 
a morning paper. The statement was that with the present 
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apparatus (and present state of mind, especially) 300-mi. trans- 
mission is questionable of economic results. 

I challenge that statement. I think it should never have 
been made. Any man who sets a limit at the present time on 
power transmission either does not understand the problem or 
perhaps he is purposely making the statement for some other 
reason. 

I wrote a paper for this meeting which I didn’t submit be- 
cause certain developments afterward made it advisable to add 
other information. The first sentence reads: ‘The natural 
and approximately the economic load per circuit for load trans- 
mission is given by the equation P = 2.5 E?.” 

If 220 kv. will not do the work, we ean go to 330 ky., or some 
other reasonable voltage, and if 330 kv. won’t do it, we can go 
to 440 kv. When I say that I am saying it in view of theintense 
study made in the last two years on insulation, coupled with 
the results obtained on the present system of the Pacific Gas & 
Electric Company, operated at 220,000 volts. It is the most 
successful piece of work we have undertaken, and the power 
is transmitted about 300 mi. 

To have a real natural transmission system, you must ba!- 
ance the magnetic energy all along the line with the electro- 
static energy. To develop that you get this equation, 


C 5; 
i= B |. I want to call your attention to the impor- 


tance of this equation. I think that equation is more important 
than Ohm’s law or any other in electrical engineering. It is a 
fundamental equation. Nature tries to transmit power with 
the conditions given by that equation. 

Now, if I want more current, I ean do three things: raise 
the voltage, lower the reactance, or increase capacity. Most 
people will recognize that if you lower the reactance you will 
immediately get increased line capacity, but they do not appear 
to recognize that if you increase C you get the same results 
practically. I can reduce ZL to one-half and multiply the 
amount of power by +/ 2; I can change C by doubling its value 
and also increase the power by +/ 2. 

Regarding line insulation, with the study we have been mak- 
ing in the last year and a half, I am satisfied that when we want 
the 330 kv. we can get it. We started this work early in 1924, 
not because of any troubles on our present 220-kv. transmission 
lines, but because we didn’t want to be caught like we were in 
1912 when we put in the 110-kv. lines, and later found troubles 
we didn’t know anything about. 
would make a thorough study of insulation. The Westing- 
house Company has supported that work on insulation, and 
the Pacific Gas and Electric Company is cooperating in the 
long-line tests and the practical tests which we find necessary. 

So the first thing was to decide how to get at the matter of 
the mechanism of flashovers. I decided, after several years of 
study, taking probably thousands of flashovers and arriving 
at no mental picture of what was happening, that we had to get 
a reliable picture of what actually was happening whenever 
we had a breakdown. To get that we decided that we should 
probably have to get at it from a d-c. standpoint, projecting 
the electrons through the air, and if possible taking their pic- 
tures on the way. They are fast-moving and don’t pose very 
long. 

The pictures we have taken will, I believe, give a mental 
picture of the insulation of the air such as we have not had, and 
I believe the work done and being done will tell us the true 
story of line insulation. 

R. E. Doherty: The extensive discussion indicates a keen 
interest in this important subject, and serves the very helpful 
purpose of focusing attention on those points which have not yet 
been generally agreed upon. The more they are discussed, the 
more they will be studied and the sooner will the various in- 
terested engineers agree upon the more important details. 
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While perhaps there is not at this time wniversal agreement upon 
even the more fundamental aspects of the problem, there has 
been, I think, for the past two years general agreement on these 
fundamental aspects by those who have given the matter serious 
study. As I mentioned at the Midwinter Convention at 
Philadelphia, in 1924, the fundamental theory underlying the 
problem, and the equations arrived therefrom, are used by 
all informed engineers. Divergence of views enters only when 
assumptions are made regarding numerical values for a particular 
ease. More specifically, disagreement centers, not about the 
transmission-line theory or the general equations of the system, 
but about faulty understanding regarding internal characteristics 
and constants of synchronous machines. Although different 
views regarding such machine characteristics apparently result 
in different estimates of maximum power which can be trans- 
mitted over a given system, I am not sure that this difference is as 
great as might be expected from the tone of the discussion. 
Messrs. Fortescue and Evans say that the calculated values in 
our paper are too low, but they do not indicate what these values 
should be. And I believe that in any definite proposed under- 
taking, their conclusions as to the practical feasibility of carrying 
out the given proposal would not be significantly different from 
ours. Indeed, in more recent proposals where such parallel 
studies have been made, the conclusions have not been widely 
different. All of this indicates, of course, that the protracted 
discussion regarding certain alleged weird behavior of synchro- 
nous machines is somewhat of a trifling character, and not of the 
importance which engineers not familiar with such details might 
be led to'suspect. 

I shall attempt to answer the questions raised regarding our 
paper, although most of them could have been answered by re- 
ferring to statements in the paper. Mr. Thomas believes that 
it is not likely that the charging current of a long line will be a 
detriment under practical operating conditions. It may, 
indeed, be a great advantage provided the generating capacity 
at the end of the line is sufficiently large, as clearly shown in 
Fig. 2. But this is not a matter of opinion; the extent of its 
effect can be easily computed for any given case. It must not 
be concluded just because calculations made on the basis of con- 
stant terminal voltage show a larger power limit with the normal 
line capacitance than without it, that the same result would 
obtain with synchronous apparatus of a kv-a. capacity compar- 
able with the load to be transmitted. 

Mr. Griscom states that he does not aides why syn- 
chronous apparatus becomes inherently more powerful during 
transients. The reason is that, for the moment, the transient 
reactance, instead of the synchronous reactance, determines the 
power characteristic of the synchronous machines. The ratio of 
synchronous reactance to transient reactance in ordinary com- 
mercial synchronous machines is of the order of 5 to 1. It may 
be as low as3 to 1, orashighas10to1. In other words, in rough 
values the synchronous reactance is about 100 per cent, and the 
transient reactance about 20 per cent. Thus the machine in 
such a transient state is decisively stiffened up. Mr. Griscom’s 
question would probably be removed by reading over the paper— 
under the heading “‘Transients.” 

He also questions whether the slope of the et ne curve 
determines the degree of stability. If the slope is zero at all 
values of power, it merely indicates that the voltage of the bus 
under consideration is not affected by any power change what- 
soever, regardless of whether the synchronous machines constitut- 
ing the infinite bus are of zero inertia or infinite inertia or any 
value between these extremes. Mr. Griscom’s statement is cor- 
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ited by the mass of the’synchronous machines, but because 
at that moment the electrical characteristics are such that the 
power is not changing, although the angle 9 may be changing. 

I wish to add a word about this 183,000-kw. story as related 
by both Mr. Evans and Mr. Baum, and which Mr. Dewey has 
answered. As the engineers of the country are eagerly 
waiting for every additional fact of operating experience bearing 
on this subject, it seems unfortunate, indeed, that when some 
real data do become available, their meaning should be so 
completely misunderstood or misinterpreted. When the sending 
end wattmeter reads 183,000 kw. and the receiving-end meter 
reads 135,000 kw., should we say or imply that 183,000 kw. is 
transmitted over the line? And I think that neither Mr. Evans 
nor Mr. Baum would, after serious thought, adduce that test 
(which our calculations check) as evidence that our calculated 
values are much too low. In Mr. Evans’ published work, he 
calculates, as most every one does, the receiver-end, not the 
sending-end, power. ‘ 

Mr. Evans raises two other points: One is that the maximum 
power can be increased by reducing the reactance of the genera- 
tor; the other, that Fig. 2 might be misleading. As to the one, 
the authors heartily agree, as presumably every one else does. 
Nobody would question that. The question is how will you 
decrease the reactance. Mr. Evans is referred back to the paper 
to the heading ‘‘Design,’’ where this matter is fully discussed. 
The generator capacities given are based on present-day practise 
—synchronous reactance approximately 100 per cent. Nothing 
would be gained by cutting the ratings to, say, one-half, thus 
reducing the per cent reactance to 50 per cent. That would not 
increase the maximum power. The question is how would one 
alter the design of a machine of given magnetic dimensions in 
order to lower the synchronous reactance, and to what extent 
could it be thus lowered. There could not be much disagreement 
among informed designing engineers on that point. After that 
is done, any further reduction must be obtained by increasing 
the active volume of the machine, or by adding more machines. 
Thus, as Mr, Evans says, and as the paper clearly points out, 
“‘quite marked increases in the stability”’ can be obtained in these 
ways, but there are perfectly obvious reasons, as the paper also 
points out, why this process cannot be extended far enough to 
satisfactorily solve the problem. 

The other point raised by Mr. Evans is well founded. The 
authors acknowledge that the title of Fig. 2 should be more 
specific, and will revise it accordingly. . The illustration refers to 
a 250-mi. straight-away line with synechronous-motor load. 


Mr. Fortescue does not know of ‘‘a single case in which a sys- 
tem was thrown out of step by a sudden increase in load, or short 
eircuit due to low excitation.’”’ There have been such eases, 
nevertheless. The September 1919 trouble of the Common- 
wealth Edison Company, described by Dr. Steinmetz in the 1920 
TRANSACTIONS, is one notable example among others. 

The authors naturally agree that if an additional line with dupli- 
eate sending and receiving apparatus be installed, the maximum 
power will be increased. Two power systems will obviously carry 
more than one. But that is not the point. Fig. 2 merely shows 
the relation between generating capacity, number of lines, and 
maximum power. 'Tosay,as Mr. Fortescue does, that two ‘‘prop- 
erly designed” systems with ‘‘proper size generating stations,” 
ete., etce., will always carry more than one, would hardly bear 
elose scrutiny where costs are regarded, because ‘‘proper size”’ 
for maximum power may be prohibitive in cost. 

It does not require a mechanical model to prove the platitude 
that if “the terminal voltages are kept constant,’ the power 
limit will be the limit of the line itself. But to the authors’ 
knowledge the ‘“‘perfect regulator” to hold this condition does not 
exist. When it shall exist, or else when some other method than 
synchronous operation is utilized, it will be time enough to talk 
seriously about the limit of the line alone. I have discussed this 
problem of regulation in my comments on Mr. Fortescue’s paper: 
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Mr. Fortescue also bespeaks the gain from changing the genera- 
tor characteristics. Such changed generators, he avers, will 
permit of operation with a “‘high stability limit,” but he doesn’t 
say how high. And the whole point, if there is any, depends 
upon how high. He, like Mr. Evans, is referred to the paper 
under the heading ‘‘Design.” 

They also mention that the authors have not discussed the 
effect of load characteristics. Loads which are functions of the 
voltage, such as lights and certain classes of converters feeding a 
constant voltage d-c. bus, are inherently stable. These have a 
maximum power, but that is not the limit of stability. Indeed, 
there is no stability limit with a plain impedance load. The 
shaft load of induction and synchronous motors is independent 
of voltage, and for these, the maximum power limit and stability 
limit coincide. Thus, a composite load would have greater 
stability than a pure shaft load of the same amount. 


H. H. Dewey: In closing, I shall take up some of the points 
that have been brought up in the discussion of the paper by 
Mr. Doherty and myself. 


Mr. Thomas in his discussion brought out a point in regard 
to the relation of the cost of the terminal apparatus to the cost of 
the line, pointing out that the line cost was very high per kilo- 
watt. Itmight run to $125.00 per kilowatt, whereas the terminal 
apparatus, generators and motors, would be very much less than 
that, perhaps $8.00 or $10.00 per kilowatt, and that since the 
terminal apparatus was an important factor in the power limit 
of the completed system, the place to work to extend our power 
limits was on the synchronous apparatus. I agree with that 
thoroughly, and we can do considerable along that line. 


Mr. Evans and Mr. Fortescue spoke of the possibilities of 
synchronous-apparatus improvement as a thing about which we 
were unduly pessimistic in our paper, that is, the question of what 
could be done to’inerease the power limit of terminal apparatus. 
Our paper did not stress that point for the reason that it seemed 
obvious. -In presenting the curve given, showing the break- 
down of a given generator and a given motor, it is quite apparent 
that the power limit is determined by the size of the generator. 
If we had a generator of double the size, or a motor of double the 
size, we would get double the power. In line with Mr. Thomas’ 
suggestion then, since we can put on generating apparatus for 
$8.00 or $10.00 per kilowatt, we can obviously increase the size 
of the generator until we strike an economic balance between the 
size of the generator and the capacity of the line. 


Now, the size of a generator is determined by its characteris- 
tics. We would fool ourselves if we tried to take a 10,000- 
kilowatt generator and cut its reactance in half, change its field, 
style, ete., and still call it a 10,000-kilowatt generator. It 
wouldn’t be a ten-thousand any more; it would be fifteen or 
twenty, and it would cost more money to build it. That is an 
obvious thing that we did not stressin our paper. Since generat- 
ing and receiving apparatus is a large factor in limiting the power 
that can be transmitted over a system, everything possible should 
undoubtedly be done to improve their characteristics. 


The paper tried to cover the essential points in determining 
what a given set-up would give. There was a point that Mr: 
Evans brought up and Mr. Fortescue also, in their discussion, 
in regard to the effect of charging current of transmission lines. 
They took issue with Mr. Doherty and myself in stating that 
charging current was an actual detriment. They evidently did 
not read our discussion of that point very carefully. 

With given apparatus, with a given generator, with a given. 
receiving-motor load, and a given voltage, at each end of the line, 
which we always have, charging current is an absolute detriment. 
We reduce the amount of power which can actually be transferred 
from the generator to the receiver end, no matter what the rela- 
tion of charging current of the line to the generator. The charg- 
ing current of the line on a high-voltage system will actually 
reduce the amount of power you can transfer from the generators 
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to the motors, because it reduces the excitation of the generators 
and motors. 

Mr. Evans brought out a point in which he indicated that our 
calculations on a 250-mi. line were in error in that it was con- 
siderably less than the value that had already been obtained in 
practise by the Southern California Edison’;Company. He stated 
that our calculations showed the limit to be 115,000 kw. whereas 
they obtained 183,000 kw. The calculation is 120,000 kw., not 
115,000 as read from the curve by Mr. Evans. We have made a 
calculation of the Southern California Edison System based upon 
data furnished by Mr. Barre which showed 183,000 kw. Our 
check calculations, made in the same manner as our calculations 
in the paper, came within 5 per cent or thereabouts of the same 
results. 

The big difference in these values comes in this respect: The 
120,000 kw. shown in the paper was receiving load. The 183,000 
kw. obtained in actual practise on the Southern California 
Edison Company’s system was at the generating end. At the 
time they had 183,000 kw. input they had 135,000 kw. output. 

- Thus, we have an error of only 120,000 kw. to 135,000 kw. and 
there is a difference of 20 per cent in frequency, that is, 50 instead 
of 60 cycles, which brings it to almost exactly the same thing. 

Mr. Wood spoke of the term that has been quite often used 
to deseribe “‘power limit,’”’ that is, ‘“‘instability,’’ and sounded a 
warning against its use. I agree with him thoroughly on that. 
It was for that reason that the title of our paper was made 
Power Limit. Power limitis something that is perfectly harmless, 
and I agree that the use of the word instability is likely to cause 
concern where concern is not necessary. 

Mr. Fortescue’s discussion was quite lengthy and very helpful. 
He took issue with some parts of our paper. Some of these points 
I did not quite digest. Some of them made me rather think that 
he was saying the same thing we were saying only in different 
words, particularly as he laid very great stress on the effect of 
voltage regulators. I agree with him thoroughly that the regu- 
lator is a very important thing, and isso much more important 
than we originally thought that it makes a great deal of difference 
in the ultimate capacity of the transmission system. 

We have very few real things to worry about. I agree with 
Mr. Wilkins that the final solution of this problem is going to 
come in the data that we get from actual operation, but so far the 

- data of actual operation, where wé have been able to obtain data, 
have checked so closely with our present methods of calculation 
that we feel we are in a position where it will be possible to 
predict what will happen to any given system. The more com- 
plicated the system, the more difficult it is to caleulate, and when 
we get such:complications, we must resort to some scheme such 
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as Mr. Nickle has described®, just as we reach the limit of the 
possibility of calculating short-circuit current on a network such 
as deseribed by Mr. Wilkins with 880,000 kw. of generating 
capacity and thousands of miles of interconnected transmission 
line. That would be a hopeless case to calculate the short- 
circuit current, but we have calculating machines that arrive at 
these values very closely. We can likewise use the Nickle 
calculator or some other device to arrive at our stability prob- 
lem. We are not worrying about the question of stability or 
power limits; we know pretty closely how to calculate them, and 
it is very essential that we do so, asthe amount of power that can 
be carried over a given line greatly influences the cost of delivered 
power. 

C. L. Fortescue: In regard to Mr. Thomas’ discussion, he 
emphasizes the effect of damping factors. In our calculations 
we try to work in the effect of the damping factor as much as 
possible, but Mr. Thomas remarks that if you increase the damp- 
ing factor sufficiently the machine will be critically damped. 
We know that in practise this condition is never met. We have 
records of power swings and they are as far as we know never 
critically damped. 

As regards Mr. Doherty’s discussion I think we are substan- 
tially in agreement. I think an explanation of the differences in 
view might be somewhat as follows: 

Two investigators have approached this problem from some- 
what different angles, and while there is no disagreement in the 
fundamentals of the problem, there is a little apparent disagree- 
ment in what might be termed derived ideas. 

The problem of stability involves so many factors, the speed of 
the exciters, the speed of the regulators, the inherent tendency of 
the machines to correct themselves, ete., that it is quite excusable 
that there should be « slight difference of opinion. 

Now, I think you might say that Messrs. Doherty and Dewey 
and myself agree on what should be. We probably agree pretty 
well on what actually is, but we disagree somewhat in regard to 
what may be or might be, Messrs. Dewey and Doherty putting 
the ‘“‘might be”’ a little closer to the “‘is,’”’ and I myself putting the 
“might be”’ a little closer to the ‘‘should be.” 

I hope that the result of our investigations will finally bring us 
both to an agreement on the ‘‘might be”’ and that the ‘might 
be”’ will finally come eloser to the ‘‘should be’? than Messrs. 
Doherty and Dewey place it at present. That is my hope. I 
am quite open-minded about this. 

The final decision about this particular question will undoubt- 


edly come about from actual work in the field and in the labora- 


tory. We shall, of course, make calculations and analyze these 
results and there is no doubt at all that we shall finally come to a 
substantial agreement. In that day I hope we will be very 
close to the “‘should be.” 


Application of Electric Propulsion to Double- 
Ended Ferry-Boats 


BY A. KENNEDY, Jr. 


Associate, A. I. E. E. 


_ Synopsis. —The double-ended ferry-boat propelled by means of 
a’ bow and stern propeller has become the recognized standard type, 
due to its manewvering possibilities and general handiness in 
congested harbors. 

In all cases in which the prime mover is directly cowpled to the two 
propeller shafts which must necessarily turn at the same revolutions 
per minute, the over-all propulsive efficiency is lowered due to the 
performance of the bow propeller. 

The electric drive system permits of applying power when and 
where required and to any degree desired. Tests on the double- 
ended ferry-boat, W. R. HEARST, show a material gain in propul- 
sive efficiency when driving the bow propeller electrically at a speed 
which gives neutral thrust. Later tests indicate, however, that there 
is no substantial difference in the propulsive efficiency whether the 
bow propeller is driven electrically at neutral thrust or is electrically 
disconnected and driven by the water. Sufficient tests have not been 
made, however, to show that this is true in all cases. 

The reciprocating steam-engine or Diesel-engine type of drive, 
in which both shafts are direct connected, requires approximately 19 
per cent more horse power at the propeller shafts than the electric 


HE double-ended ferry-boat presents a problem 

unique in marine and electrical engineering and 

the data pertaining to the specific applications 
which follow bring out quite forcibly the manner in 
which electric drive overcomes the inherent losses of 
other systems and brings about a higher over-all effi- 
ciency than formerly attained in preceding types. 

Briefly, the economic gains brought about through 
the electrification of the main propelling machinery 
consist of two things: 

I. Gain in propulsive efficiency due to the method 
in which the power is applied to the forward and aft 
propellers. 

II. Gain due to the higher thermal efficiency of the 
turbo electric and Diesel electric machinery as com- 
pared to the reciprocating steam engine. 

It has long been recognized by naval architects and 
marine engineers that an inherent loss in propulsive 
efficiency exists when one prime mover is directly 
coupled to a bow and stern propeller, which must 
necessarily turn at the same rev. per min. 

Compromise designs have been made in an attempt 
to decrease the bow propeller losses, but it is not ap- 
parent from published test records that this has re- 
sulted in an increased overall propulsive efficiency. 

Several tests have been made on reciprocating steam 
engine-driven, double-ended ferry-boats, driving with 
the stern screw with bow screw removed, pulling 
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system, due to the difference in propulsive efficiency. 

The calculated fuel consumption of a typical reciprocating steam- 
engine drive with the direct-connected system shows that it requires 
approximately 40 per cent more fuel than the steam turbine electric 
system, due to the difference in propulsive and thermal efficiencies. 

The electrical transmission losses are less than the propulsive 
efficiency losses of the direct systems. In addition to the more 
efficient method of power application, electric drive also has many 
inherent advantages, such as rapid maneuvering qualities and ease 
of control. 

The Ward Leonard system, similar to that used on the Uhicago 
fire boats which were put in operation in 1908, permits of the use of 
pilot-house control, eliminating the personal factor which is always” 
present with the engine-room telegraph. 

The operating records of ferry-boats in service prove electric drive 
to be reliable. 

The respective field of application of turbine electric drive or 
Diesel electric drive for double-ended ferry-boats depends upon the 
relationship of first cost to the operating changes and needs of the 
service. 


with bow screw with stern screw removed, and driving 
with both screws at the same rev. per min. A com- 
parison of the power input required to give the same 
boat speed with the various systems is given in 
Table VI. 


Driving with the stern screw with forward screw 
removed consumes the least power at a given speed. 
Due, however, to the fact that ferry-boats operate in 
congested waters and usually on short trips, it is not 
practical to turn the boats around, and therefore the 
double-ended arrangement has come into use as being 
the most practical for this type of service. The double- 
ended ferry-boat may, therefore, be considered a com- 
promise type, in which high propulsive efficiency is 
sacrificed for maneuvering ability and _ general 
handiness. j 


As electric power may be applied when and where 
required ‘and in any degree desired, it is but natural 
that this type of propulsion finds a ready application in 
the double-ended type of ferry-boat, as the two propel- 
lers may be driven at such relative speeds that the 
entire work of propulsion is accomplished entirely with 
the after screw. 


The general method adopted in the various electri- 
cally driven ferry-boats is the driving of the boat with 
the after screw and the operation of the bow screw at 
sufficient rev. per min. to overcome either a ae 
or pushing affect. 


Tests have been made on the electrically driven ee 
boats and the power input to the bow screw at neutral 
thrust noted. The results may, therefore, be compared 
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with the tests previously made on the reciprocating 
steam-engined ferry-boats. 

The electric system is comparable to the one screw 
arrangement plus the additional power required to 
drive the bow screw. 

As will be shown later by records of tests, the increased 
power required by the two-screw arrangement, driving 
at the same rev. per min., is approximately 25 per cent 
as compared to driving with one screw, whereas with 
the electric drive, the bow screw may be operated at 
neutral thrust with an expenditure of power amounting 
to approximately five per cent. 

The data which follows include a description of the 
electric equipment, control features, and various tests 
on the following electrically driven boats:—a-c. turbine 
electrically driven ferry-boats—W. R. Hearst, Rodman 
Wanamaker and Geo. W. Loft; d-c. Diesel electrically 
driven ferry boats—Golden Gate and Golden West; 
and d-c. turbine electrically driven ferry boats—Hay- 
ward and San Leandro. 

The W. R. Hearst, Rodman Wanamaker, and George 
W. Loft are operated in New York harbor by the 
City of New York and were placed in service during 
1923 and 1924. 

The propelling machinery consists of an 8-stage 
horizontal Curtis steam turbine, direct-connected to an 
a-c. generator. This generator furnishes power to two 
double squirrel-cage induction motors, each rated 
36/52 poles, 2100/100 h.p., 176/122 rev. per min. 
The 36-pole winding is used to drive the boat by means 
of the aft propeller, and the 52-pole winding to drive 
the forward propeller at or near neutral thrust. The 
rotor of one motor is direct-coupled to the forward 
propeller shaft, and the rotor of the other motor is 
direct-coupled-to the aft propeller shaft. 

Excitation and power for the electrically-driven 
auxiliaries, lighting, etc., is obtained from one 125-kw., 
220/110-volt, d-c. generator, which is driven by a geared 
Curtis condensing steam turbine. There is a second 
set, of the same capacity, which is a spare. Practically 
- all continuous duty auxiliaries excepting the boiler feed 
pump are motor driven. 

The control station is located in the engine room. 
The operator normally controls the ship by means of an 
electric lever and a speed switch. Emergency levers 
are provided so that in case of the failure of electric 
control or the turbine variable speed maneuvering 
governor, the propelling machinery may be operated 
by the manually operated levers. 

The electric lever controls the solenoid operated 
contactors and the speed switch controls the governor 
setting of the turbine. 

‘Due to the exacting maneuvering requirements met 
on ferry-boat service, the 36-pole induction motor 
winding was designed to give normal full load torque 
with super-excitation of the generator field, irrespective 
of the turbine revolutions per minute or generator 
frequency. This was accomplished by using a double 
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squirrel-cage rotor winding. This winding consists offa 
winding having a relatively high resistance and low 
inductance, electrically, in parallel with a winding of 
relatively high inductance and low resistance. When 
starting, the reactance of the low resistance squirrel- 
cage is high, which causes the current to flow chiefly 
through the high resistance winding. 

At full speed or when the motor has pulled in. step, 
the reactance of the low resistance winding is low and 
the current flows chiefly through this winding. This 
permits a relatively high torque at starting and an 
efficient motor when running in step. 

The advantage of this type of motor is that it elimi- 
nates brushes, collectors, external resistors, and short- 
It is possible to maneuver 
without slowing down the turbine or generator revolu- 
tions, but if this is done, it requires a longer time for 
the motor to be pulled into step than if the turbine 
revolutions are reduced. 

On July 28, 1923, several reversal tests were made and 
it was found that with the boat going full speed ahead, 
the propeller could be stopped in about five seconds 
from the time the signal wasgiven from the pilot house, 
reversed and pulled into step in the opposite direction 
in about ten seconds, and the boat stopped dead in the 
water in from fifty to sixty seconds. These tests were 
conducted in New York harbor, and therefore, it was 
impossible to note the boat’s speed and difficult to 
determine when the boat had come to rest in the water. 
These readings are therefore mentioned as being ap- 
proximate and only of general interest. 

Before starting tests on the propelling machinery the 
bow motor was electrically disconnected and readings 
taken of the stern and bow motor rev. per min. We 
were unable*to estimate the speed of the boat. These 
readings give the relative rev. per min. of the stern and 
bow motor when the ship is being propelled by the 
stern motor, the bow motor being driven by the pro- 
peller. When the stern propeller was being driven at 
171 rev. per min. the bow propeller drove the bow 
motor at 100 rev. per min. During and following these 
tests, the end play of the bow motor was noted. When 
power was applied, the bow motor end play was taken up 
in a forward direction, occasionally coming aft due to 
waves, ete. It is believed, therefore, that approxi- 
mately neutral thrust or a slight pull was exerted when 
the bow motor was driven electrically. ; 

-During the tests on the propelling machinery the 
following readings were taken: 


TABLE I 
W. R. Hearst 

A-C. Generator Aft Motor Forward Motor 
Line Field 
Volts |R.P.M.} Amps. | Volts | Amps.|R.P.M.| Amps. | R.P.M 
2500 3050 135 110 515 165 39 118 
2275 3000 125 110 560 167 39 118 
2300 3050 125 110 550 168 50 118 
2350 3000 130 110 530 165 40 118 
2350 2900 130 110 500 158 35 112 
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Based on factory tests, the caleulated power delivered 
to the bow and stern propeller shafts is as follows: 


TABLE II 
Aft Motor 
Kw. Kw. 
Ky-a Pa Eff. Input Output 
2230 74 94 1650 1550 
2207 76 94 1675 1575 
2190 76 94 1660 1560 
2160 vi 94 1620 1525 
2036 73.5 93.9 1495 1405 
Forward Motor 
Kw. Kw 
Ky-a P.F Eff. Input Output 
169 53 83.5 90 if) 
153.5 57 84.5 87.5 74 
199 64 84.0 127 OCs 
162 57 84.3 92.5 78 
143 49 82 70 57 35 


The calculated cable loss between the generator and 
the propelling motors is approximately 1700 watts with 
full load on the bow and stern motor windings. The 
combined bow and stern motor full load efficiency is 
93.7 per cent at 74.8 per cent power factor. From the 
results of these tests it appears that when the stern 
motor was delivering 2100 h.p., the bow motor was 
delivering approximately 107 h. p., or 5.13 per cent of 
the power delivered by the stern motor. 

Test results check the estimates made by M. G. 
Kindlund, Naval Architect, based on model tests, as 
well as general estimates made by Commander 8. M. 
Robinson, published in the December 1920, Marine 
Engineering. 

The propellers on the George W. Loft were of a dif- 
ferent design, giving a different relationship of the bow 
and stern revolutions per minute for neutral thrust. 
Based on these tests and tests conducted on other electri- 
eally driven ferry-boats, it was decided that, it is 
practically as efficient to drive the bow motor by means 
of the bow propeller as it is to drive the bow motor 
electrically; that is, instead of having an output of the 
stern motor of 2100 h. p..and of the bow motor of 107 
h. p., practically the same results can be obtained by 
using the same generator output on the stern propeller 
motor, which would be equivalent to slightly more than 
2207 h. p. output of the stern motor, due to the difference 
in efficiencies, allowing the water to drive the bow pro- 
peller. This permits the use of a single speed motor in- 
stead of a double speed motor. 

The Golden Gate was the first Diesel electric, double- 
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ended ferry-boat to be placed in service and is therefore 
taken as an example of Diesel electric drive. This boat 
was placed in service in San Francisco Bay, July 4, 1922. 

The electric propelling machinery consists of two 
Diesel driven, direct-current, separately excited genera- 
tors, each rated 360 kw., 250 volts, 225 r. p.m., and two 
35-kw., 115-volt exciters, each mounted on the shaft 
extension of the main generators. The generators 
are normally electrically connected in series. . There 
are two separately excited propelling motors each rated 
750 h. p., 145/180 r. p.m. The rotor of one motor is 
direct-coupled to the forward propeller shaft, and the 
rotor of the other motor is direct coupled to the after 
Either one of the two exciters is used 
for exciting the generators, propelling motors, control, 
and furnishing power for the electrically driven auxil- 
iaries, lighting, etc. 

The control is of the Ward Leonard or voltage-current 
system, similar to that first used on the Chicago Fire 
Boats, Joseph Medill and Graeme Stewart. 

The direction of rotation and rev. per min. of 
the propelling motors is controlled by varying the 
excitation of the generator fields and the relative 
rev. per min. of the bow and stern motor by changing 
the field excitation of the motors. It is possible, with 
this type of control, to change the relative bow and 
stern propeller rev. per min. at any predetermined 
position of the controller. 

There are three control stations, one in each pilot 
housé and the third station located in the engine room. 

Normally, the generators are electrically-connected in | 
series but cut-out switches are provided so that either 
generator may be disconnected, the boat being operated 
by the remaining unit. The motor field control permits 
utilizing full output of one engine, which corresponds 
to approximately 80 per cent propeller rev. per min. 

The several severe tests, and also the operating 
records in normal service, have demonstrated the ad- 
vantage of pilot house control as well as the reliability 
of this type of machinery. 

This ferry-boat has been stopped from full speed 
ahead to dead in the water in 30 to 35 seconds. 


More complete tests were conducted on the Golden 
West, which is a sister ship of the Golden Gate and has 
the same propelling equipment. We shall, therefore, 
use results of the tests conducted on the M.S. Golden West. 

The following readings were taken April 6, 1923, 
whenrunning over themeasured mile off California City: 


TABLE IIT 


Total Motor Excit. 


Aft Motor 
Line Line Kw. Line 
Run Volts Amps. R.P.M Input Amps. 
1 475 1138.6 173.3 540 59.3 
2 470 1031.6 174 485 88.3 
3 470, 1142 174 537 (te 
4 472 1000 172 472 130 
5 511.6 1406.6 193.5 718 53.3 | 
6 511.6 1295.3 193.5 661 98.3 


5 Fid Fid. 

R.P.M Input Amps Volts Knots Remarks 
138.6 28.2 121.7 115 VL, 75, Against 
139.5 41.3 122.6 115 12.25 With 
143.2 36 124.2 115 bh Bs Against 
144.2 61.2 121 115 12.4 With 
157.1 27.1 103.6 115 11-75 Against 
158 50.2 98.3 115 5.3 With 
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TABLE IV 
FORWARD MOTOR ELECTRICALLY DISCONNECTED 
Aft Motor Foward Motor 

Run Amperes Volts R.P.M. | Amperes Volts R.P.M. 

G 975 480 170.6 0 0 123 .7 

8 975 475 i We) 0 0 124 

9 1000 475 170 0 0 126 
10 1000 475 170 0 0 125 
el 980 475 170 0 0 126 
12 960 475 170 0 0 


Based on factory tests, the power delivered to the bow 
and stern propeller shaft is as follows: 


TABLE V 
Aft Motor Forward Motor TotalMotor 
Run Kw. Kw. Kw. Kw. Excit. 
Input Output Input Output Kw. 

it 540 507 28.2 22.5 14. 

2 485 457 41.3 35.5 14.1 

3 537 505 36 30.2 14.3 

4 472 445 61.2 55.1 13.9 

5 718 672 Pym | 21.4 11.9 

6 661 620 50.2 44.3 Lia 


Results of these tests show that the average power 
output of the bow propeller motor was 6.8 per cent of the 
stern motor. The full load overall efficiency, including 
generator losses, exciter losses, motor losses, cable 
losses, and rheostat losses, when the stern motor is 
delivering 750 h. p. and the bow motor 51 h. p., is 83.9 
per cent. 

Unfortunately, there is no notation on the tests 
conducted that the bow motor was exerting neutral 
- thrust or a forward pull, but based on the relative rev. 
per min. of the stern and bow motor when the bow 
motor was being driven by the water and when the 
bow motor was electrically driven, we believe that there 
was a slight forward pull, which may or may not account 


for the slightly higher power input to the bow motor 


than that shown on the tests conducted on the W. R. 
Hearst. 

The Hayward and San Leandro, which were placed 
in service on San Francisco Bay in 1923, are of the d-c. 
turbo electric type. 

The electric propelling machinery consists of a 
1100-kw., 3600-rev. per min., horizontal, Curtis steam 
turbine direct-connected through a reduction gear to a 
1000-kw., 900-rev. per min., separately excited genera- 
tor. Mounted on the shaft of the main generator is 
a 75-kw.,; 115-volt exciter. The 1000-kw. generator 
supplies power to two separately excited, double ar- 
mature motors, each rated 1200 h. p., 100 to 125 rey. 
per min. The armatures of one motor are direct- 
coupled to the forward propeller shaft and those of the 
other motor to the aft propeller shaft. 

The 75-kw. generator supplies power for exciting the 
1000-kw. generator, the two propelling motors, control, 
auxiliary power, and lighting. 

The control station is located in the engine room, and 
the control is of the Ward Leonard or voltage-control 
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system, similar to that described for the Golden Gate 
ferry boat. 

The above boats have been in continuous operation 
since their inauguration into service. As an example 
of the severe duty required of these boats, the following 
data, covering a short period of their operation, are 
given. 

Between May 31, 1923 and February 10, 1924 the 
Hayward made 10,500 trips, traveled 30,312, miles and 
carried upwards of 4,000,000 passengers. The two 
boats, in a year’s time, carry upwards of 10,000,000 
people and the largest number of people carried in one 
day by one boat has aggregated upwards of 30,000 
people. They serve one of the most congested terminal 
traffic lanes in the world. Six hundred and fifty electric 
trains per day serve the traffic at the Oakland Terminal 
and during the one hour rush period between five and 
six o’clock in the evening, 48 trains are moved. 

The operating record of these boats is given rather 
than a repetition of test data on the previous boats, 
due to the fact that it brings out one very essential 
point, that is, the absolute reliability of this type of 
machinery where continuity of service is the paramount 
factor. 


COMPARATIVE EFFICIENCIES 


The following section is devoted to an analysis and 
economic comparison of the reciprocating steam engine 
driven and turbo electric driven types of ferry-boats. 

This will tend to show in a concrete way the funda- 
mental differences that exist due to both the propulsive 
and thermal factors. 

The Diesel electric system has the same advantage as 
the turbo electric drive in the matter of gain due to the 
difference in propulsion characteristics. The high 
thermal efficiency of Diesel engines, as compared to 
either the reciprocating steam engine or turbo electric, 
is fully recognized, but due to the fact that this subject 
has been so fully covered by the Diesel engineers, it is 
omitted from this paper. 

The selection of steam turbines. or Diesel engines 
depends upon the relationship of first cost to operating 
costs and the needs and requirements of the service, and 
is also influenced, to a more or less extent, by the 
past experience of the operating companies. 

Relative Power Requirements. The relative power 
required to maintain a given boat speed, as ascertained 
by tests made on the reciprocating steam engine driven 
type of double-ended ferry-boats, is given in Table VI. 


CONCLUSIONS TO BE DRAWN FROM TESTS 


A. Propelling with bow screw, stern screw removed: 
The tests show that over 50 per cent more power is 
required when pulling with the bow screw than when 
pushing with the stern screw. 

B. Pushing with stern screw, bow screw removed: 
This method takes the least power and may, therefore, 
be considered the base with which to compare other 
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TABLE VI 
A B G 
Pulling with Bow Pushing with Propelling with 
Screw, Stern Screw, Both Screws 
| Stern Screw Bow Screw at the same 
Removed Removed R.P.M. 
Knots 1 fee 8 pd 2) Lay la h fey led Se 
Ferry-Boat Edgewater 
8 255 178 222 
9 370 245 312 
10 560 345 440 
11 850 500 612 
12 1270 740 840 
Ferry-Boat Cincinnati 
ou", 443 250 332 
10 638 364 464 
11 880 : 520 624 
12 one 720 816 
References: Trial trip data of Edgewater from paper presented 


by E. A. Stevens and Chas. P. Paulding before Society of N. A. & M.E., 
November 20. 1912. 

Trial trip data of Cincinnati from paper presented by F. L. Du 
Bosque before Society of N. A. & M. E., November 12-13, 1896. 


systems. In service, however, this system is not 
practical. 

C. Driving with bow and stern screw at same 
rev. per min.: The tests disclosed that approximately 
25 per cent more power is required to maintain the same 
speed of boat than in system “B’’. This is the usual 
method of propelling a double-ended ferry-boat in which 
the prime mover is directly connected to the two pro- 
peller shafts. 

D. Driving with after screw only, bow screw oper- 
ated to give neutral thrust; electric drive system only: 
The series of tests conducted on the electrically driven 
ferry-boats disclose the fact that the bow propeller may 
be operated to give neutral thrust with an expenditure 
of power amounting to approximately five per cent of 
the total. 

In service, we are interested only in systems ‘‘C”’ and 
“D”. As the relation between these two systems is of 
the order of 125 per cent to 105 per cent, taking the 
electric drive system as the base, the new relation be- 
comes 119 per cent and 100 per cent, respectively. 

In other words, the electric drive system requires but 
84 per cent as much power as the reciprocating engine 
drive to attain the same boat speed, due to the gain in 
propulsive efficiency. 


ANALYSIS OF STEAM AND FUEL CONSUMPTION 


The 2200-s. h. p. turbine electric, a-c. driven ferry- 
boat has been selected to compare with a reciprocating, 
steam engine driven ferry-boat as water rate and ef- 
ficiency tests were conducted at the factory on the 
electrical equipment. The s.h.p. required by the 
reciprocating engine driven type to be comparable will 
be 2620. On account of the long line shafting required 
in the latter type, a mechanical efficiency of 90 per 
cent is assumed, which gives ani. h. p. of 2910. 
Comparative Water Rates of Main Propelling Machinery: 
a. Reciprocating steam engine; so far as the authors 
are aware, there have been no data published 
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regarding water rate tests of reciprocating steam 
engines installed on ferry-boats in which either the 
power developed or steam conditions are comparable 
to the turbine electric installations. Recourse, there- 
fore, must be made to such formulas as Jenson’s or 
the later methods deduced by E. A. Stevens, Jr. 

Average values range from 14 to 17 lb. per 
i. h. p-hr. for. saturated steam at. 250-lb. gage pressure, 
and correcting for 200 deg. fahr. superheat, these values 
are reduced to 11.5 to 14 lb. peri. h. p-hr. 

In the comparisons which follow the minimum value ~ 
of 11.5 lb. per i. h. p-hr. is used. 

b. The water rates of the turbo electric equipments 
furnished for the New York municipal ferries were 
determined by a very rigorous series of tests. This 
amounted to 10.185 lb. per s. h. p. per hr. including the 
generator and motor losses, with the hand valves open. 
Under the following steam conditions—pressure 250 
Ib. gage, superheat 200 deg. fahr., vacuum 28.5 in.— 
quite a throttling loss takes place at rated full load with 


' TABLE VII 
Turbine 
Reciprocating Electric 
Engine a-c. 
Si Inraove ne ncertices eR a RH SSS, Strain 2620 2200 
I. h. p. (Mechanical efficiency 0.90)..... 2910 
Water Rate lb. per hp-hr.............. 11.5 (1.H.P.) 10.0 (S.H.P.) 
Steam Consumption lb, per hr.. : 
Main ‘propelling aimite nme. serena 33400 22000 
Auxiliary turbine generator.......... 1620 2194 
Steam auxiliaries: 12-22 ccc ie oe 2960 2625 
Total lbxper hrs... tiasen ceaieenies 37980 26819 
Lb. per [.H.P—AIl purposes........ MAE as 
Lb. per S.H.P—AII] purposes....... 14.5 1272 
Hvanoration=per Ib. Olle ne aes stele ere 12.8 12.8 
Eby fuel oil per hoOuict ease erie sete 2970 2100 
Lb. fuel oil per ada p-htey- asa msi « 1.02 ne 
Lb; fuel oil per sshipehrien «senna 1.135 0.955 
Difference, Ib: fuel oil per hr......... 870 
Difference, tons per 24 hrs........... 9.35 
Relative fuel consumption........... 142% 100% 
TABLE VIII 
: Reciprocating Turbine 
AUXILIARIES Engine Electric 
Varying with types. sci: s cu aie vies cieisiacete Lb. per hr Lb. per hr 
Feed Pumps i. concerns «Gohinee snake mp 1000 725 
Steam for heating fuel oil............ 210 150 
Constant for both types 
Service: Pumps; Jee sehr roe tates aires 1750 1750 
Total lb. per Nera... 16 everclear 2960 2625 
BlectricAusiliariess >: 20ie.r ecm ias reais Kw-Hr Kw-Hr 
Varying with type: 
Girculating pump... «acs wa emer 15.0 30.0 
Condensate pump: «si -ces iain cleo 7.5 5.0 
Pixcitation. in: <1 ar Noten ceils sumone 0.0 15.0 
Blower for motor ventilation......... 0.0 13.0 
Constant for both types 
Lubricating oil pump, lights, sanitary 
pump, fresh water pumps, steering 
gear, ventilating fams............. 37.5 37.5 
TODAL Hewes cc spew 25 ,ary x's ener 60.0 105.5 
TVA eran is eat, nolan ed oa stay Capea 27.0 20.8 
Li. steataspers Dre... aan sot aint tee 1620 2194 
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the hand valve open. With the hand valve closed, in 
which rated full power is available, the water rate is 
9.98 lb. per propeller shaft horse-power hour. In the 
comparisons which follow a flat rate of 10.0 Ib. is used. 
(The hand valve is used for overload conditions during 
rush hours.) 

CONCLUSIONS 


1. That the reciprocating steam engine or Diesel 
engine, in which the bow and stern propellers are op- 
erated at the same revolutions per minute, requires 
approximately 19 per cent more power than the electric 
system, due to difference in propulsive efficiency. 

2. That the fuel consumption of the reciprocating 
steam engine drive with the direct connected bow and 
stern propellers requires approximately 40 per cent 
more fuel than the turbine electric system, due to the 
difference in propulsive and thermal efficiencies. 

3. That the operating records of the boats in service 
prove electric drive to be reliable and a great step 
forward as a method of propulsion for the double-ended 
type of ferry-boat. 

4. That in the comparison of turbo d-c. and a-c., the 
d-c. is superior in flexibility, simplicity of control, and 
general handiness afforded by bridge control. That 
the a-c., however, is slightly more economical as re- 
gards fuel consumption. 

5. That both turbo electric and Diesel electric 
drive overcome the inherent propulsive efficiency loss 
of the reciprocating steam engine type of drive and that 
their respective spheres of application are dependent 
upon the relationship of first cost to operating charges 
and needs of the service. 


Discussion 


H. F. Harvey, Jr.: About the only comment which I have 
to offer is that sufficient emphasis has not been laid on the 
maneuvering feature. With direct control from each pilot 
house it is very evident that the one in charge can maneuver 
the boat more easily than by means of the ordinary signals to 
the engine room. : 

I believe that thus far most ferry-boats with electric drive 
are used onfairlylongruns. Suchrunsdo not show to advantage 
the speedier maneuvering, either when entering or leaving the 
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slips. For short runs as between New York and Jersey City, 
or between Camden and Philadelphia, electric drive prould show 
a decided advantage in this respect. 

Ferry-boats are usually operated in congested waters where 
it is very necessary to have close control of the vessel in order 
to avoid accidents. Electric drive, I believe, affords quicker 
stopping and reversing than any other drive. Too much em- 
phasis, therefore, cannot be placed upon the superior maneuver- 
ing qualties of electrically driven ferry-boats. 

F. K. Kirsten: There has been no mention made in the 
paper as to the design of the propellers involved -in ferry-boat 
propulsion. It seems that these boats are designed to travel 
in either direction with practically the same propeller showing. 
As a consequence, some design must be used on these particular 
ferry-boat propellers differing from that used in ordinary steam- 
ers. I would like to know if any particular statements could 
be made in that direction. 

‘M. J. Whiteman: I should like to know if it is possible 
with a ferry-boat having four-propeller drive to rotate the boat 
on a center or pivot in order to make quick turns. 

A. Kennedy Jr.: Mr. Whiteman asked if it is possible with 
an electrically-driven ferry-boat to pivot the boat in order to 
make quick turns, and also the number of electrically driven 
ferry-boats that are in operation. All electrically driven ferry- 
boats use the same method of steering as that used on recipro- 
eating steam engine driven ferry-boats; that is, they use one 
rudder. I do not know of any way to make a ferry-boat pivot 
in order to make quick turns unless some change is made in the 
design of the boat. 

At the present time there are eight electrically driven ferry- 
boats in operation, three in New York, four in San Francisco, 
and one at Poughkeepsie. These, I believe, are the only ones, 
but of course, others are being considered. 


Professor Kirsten asked whether or not it was necessary to 
modify the design of the propellers for electrically driven ferry- 
boats. Normally, with steam engine driven ferry-boats, a 
compromised propeller design is used, as it is necessary to use 
the faces and backs of the blades. A good deal of work has been 
done trying to improve the over-all propulsive efficiency by de- 
creasing the amount of power required to drive the forward 
propeller. As far as I know, no one has been able to improve 
the over-all propulsive efficiency by using this specially designed 
propeller, but they have reduced the power required to drive 
the forward propeller. 

With electric drive itis possible to use a standard propeller for the 
simple reason that the bow propeller does not do any work. 
Only the face of the propeller is used for driving, whereas with 
the reciprocating steam engine connected to a through shaft 
a special design is made as the back of the blade is normally 
used on the forward propeller to assist in driving the ferry-boat. 


Some Features and Improvements on the High- 


Voltage Wattmeter 


BY JOSEPH S$. CARROLL’ 


Associate, A. I. E. E. 


r | ‘HE high-voltage wattmeter herein described (See diagram of connections.) 


is the result of three years of study and ex- 


all read with telescopes at a safe distance. 


These instruments are 
This special 


perimental work carried on at Stanford University. 
Included in this report on the wattmeter is a description 
of a high-voltage voltmeter and a crest voltmeter. 
The operation of these instruments is entirely independ- 
ent of any connection to the supply transformers. In 
other words the equipment in its present form can be 
connected directly in on the high voltage line, and 
simultaneous readings of the power, total effective 


multiplier consists of a column: of ordinary tap water 
16.5 ft. long and 3/16 of an in. in diameter; it has a 
maximum resistance of approximately three million ohms 
and a current carrying capacity of 65 milliamperes. A 
rubber air hose is used as container for this column of 
water. This hose is wound into a helix of five turns 
about one foot in diameter and the helix is placed with 
its axis vertical between two horizontal circular plates 
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voltage, crest factor, and line current can be taken at 
any instant and at any voltage up to 175 kv. to neutral. 

The wattmeter consists of an ordinary low-voltage 
instrument located in an electrostatically shielded 
cage that is at high potential. The current coil of the 
meter is connected directly in on the line with an 
ammeter in series. The potential coil with its special 
high resistance multiplier is connected from the line to 
ground. There is also a milliammeter in this circuit. 

1. Elwell Fellow in Electrical Engineering, Stanford Univer- 
sity, Palo Alto, Calif. 


Presented at the Pacific Coast Convention ON Uta: oa lk Tn Mice 
Seattle, Wash., September 15-19, 1925. 


four feet in diameter and separated thirty inches. 
These plates are supported by three bakelite strips 1 in. 
by 3 ft. lin. long. The hose is held in place by means 
of a single bakelite strip with wooden pegs of 3% in. 
maple doweling projecting out radially, on the end of 
which the hose is fastened. (See Fig. 2.) The 
water is forced up the hose by means of a gear pump, 
the maximum pressure used being about 80 lbs. per sq. 
in. and the maximum flow being about 1.5 gal. per min. 
After reaching the top of the helix and passing the 
wattmeter connection, the water flows through about 
seven feet more hose and is then discharged to the ground 
in a spray, the spray ee breaking the circuit. 
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When the current flows through the water resistance 
the water, of course, warms up, the heating being 
accumulative as the water moves up the hose. The 
effect of this is a somewhat complex change in resistance 
which in turn makes the voltage gradient down the 
column differ from a straight line function. This is a 
-condition that must be controlled before correct electro- 
static shielding can be accomplished. First of alla 
means must be had for keeping the voltage gradient 
down the column constant at all voltages. The next 
problem is then to match the potential of the water 
column at every point by the external field between the 
two plates. 


Before going further, let us solve the problem of a 
current flowing through this column of water that is 
being constantly supplied at the lower end with cool 
water and wasting the warm water at the top. The re- 
sistance-temperature coefficient of ordinary tap water 
varies considerably for different temperatures. The 


Fie. 2—TuHr SHIELDED WaTER-CoOLUMN RESISTANCE USED AS 


THE WATTMETER MULTIPLIER 


following has been found to be approximately the 
relation of resistance to temperature between zero and 
100 deg. cent.?: 


40 Roo 
‘~~ 20 + ¢t 
where R; is the resistance at any temperature ¢ (deg. 


cent.) between 0 deg. and 100 deg. and Rzp is the resist- 
ance at 20 deg. cent. 
Beginning at the ground end, the rise in temperature 
d tina differential length d / of the column is as follows: 
Tat cy 
V Dida. 


dt > AASsA dow. 4184 AW 


(1) 
where J = current in amperes through the w. c. 
dr = resistance of a length d l. 


2. From tests by Applequest and McKenny, M. I. T., 1912. 
Pender Handbook, (edt. 1922), p. 1356. 
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V = velocity of water through the column in 
em. per sec. 
A = area of column in sq. cms. 

4.184 = mechanical equivalent of heat. 
Integrating the above equation the actual temperature 
of this differential length is 

i ing 
eer digt A Wis, 
T being the temperature of the water entering the 
column. 


(2) 


d R te 3 

— t A ( ) 
R, specific resistance of the water at temperature ¢. 

R 40 R 20 4 

Se BUR Be 4) 


Roo specific resistance at 20 deg. cent. 
Substituting (4) in (3), 


P 40 Ro dl P 
sie) pains (8) 
Substituting (2) in (5), 
40 Ra dl 
ay = PR (6) 
20 SSS A ) A 
( : 4.184 A V = 
Simplifying, 
(88.68AV +4184 AVT+IPr)dr=1674V Ry dl 
(7) 
Integrating, 
PA : 

( 5 )r + AV (83.7 + 4.184 T) r— 167.4 V Rol = 0 


(8) 


Solving for r, 


— AV (88.7 + 4.184 T) 
ae /A2 V? (83.7 + 4.184 T)? + 335 V Ro I? 1 
r? 


This gives the resistance for any length equation (1) 
when the following are known: the area of the column, 
velocity of the water, specific resistance of the water at 
20 deg. cent., the initial temperature of the water, and 
the current through the column. 

Equation (9) shows something that was practically 
self-evident, that is, as the current J changes, it is possi- 
ble to keep the resistance all along the column constant 
by changing V, the velocity of the water. As can 
readily be seen, the velocity must vary as the square of 
the current—as would be expected. 

If the maximum effective value of the current to be 
used is fixed and the allowable temperature rise (if a 
glass tube were used instead of rubber this temperature 
could be 100 deg. cent.) of the water decided upon, 
then the distribution of voltage down the column 
can be computed. When this is done the pitch 


(9) 
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of the helix can be changed in such a manner 
that the potential of the water column at all points 
is the same as the space it occupies between the two 
plates—under these conditions the shielding is ideal. 
In order for the voltage gradient of the column to re- 
main constant it is only necessary to keep the tempera- 
ture of the ingoing and outgoing water constant. The 
temperature of the ingoing water is easily adjusted. 
The temperature of the outgoing water is controlled by 
regulating the velocity. To tell when the temperature 
was correct a thermometer could be placed in contact 
with the water at the discharge end and read by means 
of a telescope. However, a more direct method than 
this was employed. A wattmeter was connected in the 
ground circuit of the water column as shown in the 
diagram of connections. One coil carries the current 
that passes through the water resistance and the other 
coil of this wattmeter with suitable resistance is con- 
nected across the low voltage primary of the high 
voltage transformer. The wattmeter reading will be 


3—View or HigH-VoLtTace WATTMETER AND AUXILIARY 
EQUIPMENT 
At center on right is insulated screen cage enclosing wattmeter instrument 
and milliammeters; at the top on right is shielded water column resistance; 
in center at bottom is hydraulic apparatus, and at left is cage containing 
crest voltmeter and ohmmeter 


Hire. - 


an indication of the amount of power absorbed by the 
water column. Thus, for example, if the conductivity 
of the supply water remains constant and the line volt- 
age is doubled, the reading of this wattmeter will be 
increased four times which means that to keep the 
temperature constant there must be four times the 
quantity of water flowing through the hose. This, 
of course, will require a certain increase in water pres- 
sure. By knowing the constants of this wattmeter and 
the water flow in terms of the pressure-gage reading, a 
scale was made for the wattmeter so that instead of 
reading watts the wattmeter indicates the pressure 
necessary to keep the temperature of the outgoing 
water constant. This works out very well under actual 
test; with the conductivity of the supply water constant 
the resistance of the water column was determined at 
various voltages and found to be practically constant. 
This, of course, means that the voltage gradient down 
the column remains constant. Assuming that the 
temperature resistance equation is not altered by the 
introduction of salt into the water, the value of Rs» 
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can be changed, thereby uniformly increasing r through- 
out the length of the column. This will, of course, 
increase I; hence V must be correspondingly increased. 
This will not change the voltage distribution down 
the column and therefore will not alter the shielding. 
In other words, the resistance of this resistor can be 
uniformly changed throughout its length without . 
changing its dimensions. 

The necessity of the exact rantchine of the field 
established by the water column with that between the 
two plates has been found by integrity tests. On 
account of the relatively large charging current through 
the line coil of the wattmeter, it requires only an 
extremely small capacitance current through the other 
coil to produce a fair sized deflection, which of course is 
error-reading. Any field. picked up or supplied by the 
water column will cause such an error. To test for 
correct shielding, a reading of the line wattmeter is 
taken at a certain water conductivity and line voltage; 
then with the line voltage kept constant, water of, say, 
twice the conductivity is used, which should double 
the original wattmeter reading if the shielding is 
correct. The only thing that is changed during this 
test is the conductivity; the physical dimensions of the 
circuit and the voltage gradient down the column 
remain unaffected. If the wattmeter reading is not 
proportional to the current in the potential circuit at 
constant line voltage, there is error-reading due to 
improper shielding. However, as discussed in a pre- 
vious paper on the high voltage wattmeter,’ an error-. 
reading can also be the result of improper shielding of 
other parts of the circuit besides the water column. 
After the present water column was designed and built 
the above test was applied and the shielding was found 
to be correct within the limits of observations. Be- 
sides the above test, another obvious advantage of 
being able to change the resistance of this wattmeter 
multiplier is to greatly increase the wattmeter readings 
at the lower voltages. 


The change in the resistance of the water column is 
accomplished by the introduction of common salt into 
the water. The water supplying the pump is drawn 
from two tanks, one fresh and the other a salt solution. 
The valves on each line from these tanks are connected — 
together in such a manner that as one opens the other 
closes. When the valves are once set the mixtures 
remain constant to a surprising degree of steadiness. 
The gear pump no doubt aids considerably in the 
mixing process; also, the bypass valve is never com- 
pletely closed when the salt solution is being used. 
The hydraulic system of controls must be such that the 
pressure, and hence, the flow, can be changed without 
affecting to any great extent the conductivity. One 
thing necessary in order to do this is to maintain the 
level of the water in the two supply tanks constant and 

3. ‘Power Measurements at High Voltages and Low, Power 


Factors,” by Joseph 8S. Carroll, Thomas F. Peterson, and 
George R. Stray, Journat A. J. E. B., p. 941, Oct. 1924. 
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equal at all times. Also the change in conductivity 
should not alter the flow; however, as the conductivity 
is changed the flow must be controlled to keep the 
temperature constant. 


THE OHMMETER 


The resistance of this wattmeter multiplier is deter- 
mined in the following manner (see diagram of con- 
nections) while the high voltage is on: A storage ‘‘B”’ 
battery of about 100 volts is inserted in the ground 
end of the water column. This battery forces a direct 
current through the galvanometer G,, the choke 1, up: 
through the water column, through the secondary wind- 

.ing of the high voltage transformer, to ground and back 

to the other side of the battery. This direct current 
goes only through the galvanometer whereas the alter- 
nating current is allowed to pass only through the 
10 m. f. condenser in parallel with the galvanometer 
and choke. Knowing the voltage of the battery and 
the calibration of the galvanometer, the resistance of the 
water column can be determined. Of course, the 
resistance of the transformer winding and choke must 
be subtracted and the drop across the condenser be 
corrected for if necessary. Knowing the resistance of 
the water column and the effective value of current 
through it, the total effective line voltage can be com- 
puted. The values of voltage obtained in this manner 
‘check on an average within 0.5 per cent of the voltage as 
measured by the voltmeter coil within the transformer. 
This difference at present is about the limit of our 
accuracy. 

To obviate the necessity of insulating the apparatus 
at the ground end of the water column in order that the 
current through the galvanometer shall have only one 
path to ground, a connection is made from the battery 
through a resistance R, and to a point C on the lower 
end of the water column. The current in this circuit 
flows from C to the ground at D. . The resistance of R, 

. is made such a value that the drop across it is the same 
as the drop across the galvanometer and choke. This 
puts the point B at the same d-c. potential as C so that 
there is no current flowing between B and C and the 
only current through the galvanometer is that through 
the water column. ‘To test for the equality of potential 
of B and C, a single-pole double-throw switch is 
connected in the circuit so that the galvanometer can 
be connected between these two points with a choke 2 
in series. The resistance R, is then adjusted until 
there is no current through the galvanometer and then 
the switch is thrown back to connect the galvanometer 
in its normal position. The switch H js, of course, 
closed during this operation of balancing. This balance 
when once made remains the same throughout the test; 
the ratio of the resistance between C and D, and A 
and B is the same for all conductivities. The resistance 
of the water between B and C is never less than 50,000 
ohms and for the higher voltages it is 500,000 ohms. 
The resistance from C to D is about half that between 
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B and C and is sufficient to limit the current drawn from 
the battery to a reasonably small value: Since the 
resistance of the galvanometer G, is only 14 ohms and 
that of the choke 1 is about 7500 ohms, no correction is 
necessary when the galvanometer is shifted from one 
place to the other. The a-c. drop across the condenser 
is 16 volts with a current of 0.060 amperes at 60 cycles; 
however the secondary of an audio transformer keeps 
the galvanometer free from vibration due to this 
voltage. 


THE CREST VOLTMETER 


The crest values of voltage are determined by 
multiplying the effective values by the crest factor. 
This crest factor is determined as follows: The current 
through the water column has the same wave-form as 
the line voltage so that an ordinary voltmeter inserted 
in the ground end of the water column will give a replica 
of the total line voltage. By means of a synchronous 
driven contactor, a condenser is charged with the crest 
value of this effective voltage, the ratio of these two 
being the crest factor. The voltage of this condenser 
could be determined directly by means of an electro- 
static voltmeter; however the time of taking readings 
does not permit the use of such slow acting instruments. 
In place of such a voltmeter, a practically instantaneous 
self-balancing potentiometer was used in which the 
voltage of the condenser is read by means of the ordi- 
nary quick acting d-c. voltmeter. Before the operation 
of this potentiometer is taken up, a brief description of 
the different parts will be given. 

The current through the d-c. voltmeter is furnished by 
a storage “B” battery of about 136 volts. This cur- 
rent also passes through the plate circuit of a 201A 
vacuum tube, V 7, (see diagram), and through the 
winding G on an iron core choke. The filament current 
of V T, is a-c. and is furnished by a specially designed 
constant current transformer. In parallel with this 
filament are the windings E and F of a choke made up of 
laminated iron rings; the winding E is around half of 
the rings and F is around the other half. The windings 
G, H and J are around all of the rings. The coils HE and 
F are connected in parallel in such a manner that the 
flux set up by the current through them is in opposite 
directions and hence there is no voltage induced in the 
other windings. There is a positive bias put on the 
grid of V T, to reduce its filament to plate resistance. 
V T. is also a 201A tube and might be called the 
detector tube since it detects any difference between the 
potential of the condenser C,; and the voltage at the 
terminals of the d-c. voltmeter. The filament of this 
tube is lighted with a four-volt storage battery. Sixty- 
five volts of the storage ‘‘B’’ battery are used on the 
plate of this tube; in this plate, circuit is the coil H 
consisting of 10,000 turns of No. 36 B. & 8S. d.s.c. 
copper wire. There are 250 turns in coil J which are 
used to produce a field almost equal and opposite to that 
of H. 
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With this description of the apparatus, the operation 
will now be taken through step by step. The alternat- 
ing current through the water column resistance on its 
way to ground passes through the a-c. voltmeter and 
its non-inductive shunt—the shunt being necessary on 
account of the current carrying capacity of the volt- 
meter. The effective value of the voltage across the 
voltmeter is kept about 50 volts on the 75-volt scale by 
means of the shunt resistance; however, this is only for 
the convenience of reading and the operation over a 
range from 35 to 70 volts gives accurate results. The 
crest of this voltage is picked off by the synchronous 
contactor and charges the condenser C,. If to begin 
with, this potential is not the same as that across the 
d-c. voltmeter there will be a current through the 
galvanometer G.; in this case the current through the 
bias winding J is changed by means of the potentiometer 
N until there is no current through G;. This is the only 
adjustment necessary and when once set it requires but 
very little changing. With the deflection of G. zero 
the d-c. voltmeter gives the potential of the condenser 
C,;. This reading divided by the reading of the a-c. 
voltmeter, is of course, the crest factor. Now, suppose 
that the a-c. voltage decreases; this will lessen propor- 
tionately the potential of C, and the d-c. voltmeter will 
momentarily be the same as before; a current then will 
flow through G., R; and R, for a very short time making 
the grid of V T,. positive with respect to the filament. 
This will increase the plate current which is also the 
current through the coil H; this increases the saturation 
of the iron core and reduces the reactance of the wind- 
ings # and F. Since these windings carry about 
80 per cent of the constant current from the filament 
transformer, the filament current of V 7, will be 
reduced. This increases the filament to plate resistance 
which will in turn diminish the current through the 
d-c. voltmeter and bring down the voltage across it 
until it is the same as the potential of C;. In case the 
a-c. voltage rises, just the reverse of these operations 
will take place. The coil G in series with the d-c. 
voltmeter might be called a tickler winding; the number 
and direction of turns are such that the change in the 
current through the voltmeter produces just sufficient 
change in the saturation of the iron to keep the 
voltmeter where it is put without maintaining extra 
current through the coil H by a difference of potential 
between C, and the d-c. voltmeter. A very good test of 
this is to disconnect C; from the contactor while it is 
charged; the needle of the d-c. voltmeter stands practi- 
cally still. If part of the charge is allowed to leak off 
the condenser, the voltmeter will immediately drop to 
that potential and remain there when the leak is taken 
off—thus demonstrating the minute amount of current 
necessary through R. to operate the system. One 
thing that aids considerably in the sensitiveness of this 
apparatus is the fact that the vacuum tube V 7; is 
operated where the plate current is most sensitive to a 
change in filament current; for example, a change in 
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filament current from 200 milliamperes to 215 milli- 
amperes will change the plate current from about 
3 milliamperes to 6 milliamperes with the 16,000 ohms of 
the voltmeter in series. 

The condenser C, of 1 yu. f. is necessary in order to 
smooth out a small component of a-c. on account of 
using 60-cycle current to light the filament of V 7. 
These ripples produced an a-c. potential between the 
grid and filament of V T, which was rectified leaving 
the grid negative and thus causing trouble. The 
resistance R; was found necessary to damp out very low 
frequency oscillations or hunting between the two 
condensers C,; and C., caused mainly on account of the 
time lag in the change in temperature of the filament of. 
Vie 

The transformer furnishing the current for V T; was 
designed to take care of any reasonable fluctuation in 
line voltage. Since V 7’; is sensitive to slight changes in 
filament current, any change in line voltage would have 
to be adjusted for by V 7. which is not the primary 
duty of this tube. This transformer furnishes practi- 
cally a constant current in the secondary circuit with a 
10 per cent change of primary voltage. One part of the 
secondary S,; is wound on a practically saturated iron 
core. In series with this winding and 180 deg. opposite 
in phase is a winding around an air-gap magnetically in 
parallel with the saturated core of the other winding. 
The winding S. gives about half the voltage of S;. 
With a changé in primary voltage the flux across the 
air-gap changes at about twice the rate as that through 
the iron core; in this way the two changes just offset 
each other. The adjustment of the two secondary 
windings is made in an over-all manner by means of a 
milliammeter in the plate cireuit of V 7;. Of course 
the ‘secondary current of this transformer is far from a 
sine wave but this is in no way.a handicap. 

The crest voltmeter circuit may seem elaborate; 
however, it has been found worth while in order to have 
an electrostatic instrument with the advantages of the . 
modern highly damped sensitive d-c. voltmeter. The 
operation of this crest voltmeter is simple and reliable 
and to further improve its simplicity, it is hoped that 
sometime the synchronous contactor can be replaced by 
a special vacuum tube. 

Another feature that has been added to the equipment 
is a 230-ft. line of hollow copper conductor. With 
this conductor it is possible to electrically cut out both 
strings of insulators as shown in the diagram and hence 
measure only the losses from the conductor. By 
changing the connections, the insulator losses may 
be included with the loss from the conductor or else 
they may be measured separately. The insulators are 
cut out by supplying the power to them directly and not 
through the wattmeter. The power is supplied to the 
string at the far end by running an insulated wire 
through the hollow conductor and connecting it back of 
the first insulator. 

The work this year has been largely development 
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work; however, several tests were made on the three 
230-ft. lines in the rain and also in dry weather. The 
results of the tests substantiate very well the work done 
with the wattmeter last year. During the rain tests, 
the fact was again emphasized that a rain test does not 
mean much unless the rate of rainfall is determined 
because the power loss varies considerably with the 
rate of rainfall. Next year it is planned to have 
a rainfall indicator and to find the relation between the 
rate of rainfall and the power loss from the different 
conductors and insulators. 

Encouraged by the success of the present wattmeter, 
the design of the million-volt wattmeter has been begun. 
The crest voltmeter and ohmmeter in their present form 
can be used with but very littlechange. 'Themain prob- 
lem will be the fifteen-million-ohm, shielded multiplier. 
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Discussion 


R. W. Sorensen: When I first saw the diagram of connec- 
tions shown in this paper I was awed by the apparent amount 
of large apparatus necessary to construct such a wattmeter. 
However, I have had the opportunity to stop at Professor 
Ryan’s laboratory and become acquainted with the equipment 
described in this paper. An acquaintance with the equipment 
eliminated the impression of bigness which J had received from 
the diagram and which was perhaps due partly to the high 
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voltages which the equipment will measure. In place of this 
impression’ I received a definite picture of the cleverness ex- 
hibited by Mr. Carroll and Professor Ryan in handling this 
problem. For example, the transformer of three windings and 
a split core, which seems in the diagram to be so large, is actu- 
ally very small; in fact, it can easily be held in one hand. 

The water column, about 16 ft. long, is so arranged between 
the shielding plates at the ends as to occupy a space approxi- 
mately 3 ft. in height. The small transformer and the in- 
dicating instruments are all mounted on a small table surrounded 
by a wire cage the dimensions of which approximate 4 ft. high, 
6 or 8 ft. wide and perhaps 12 ft. long. 

With this knowledge, I found it much easier to read the 
paper and appreciate what has been done in Professor Ryan’s 
laboratory toward producing practical wattmeters and volt- 
meters for high-potential measurements. 

H. V. Carpenter: Mr. Carroll mentions the integrity tests 
by which he established the fact that he was able to read with 
accuracy loads of a watt or two, with a voltage of 150,000. 
It seems to me the condition is so eritical there that a word 
in relation to his method of establishing the integrity would 
be interesting. Also regarding the formula given for the re- 
sistance of the water column, I would like to ask whether he 
established it over a wide range of densities and for any materials 
except common salt. 

J. S. Carroll: Ordinarily the man in a measurements 
laboratory thinks of errors in measurements as a few tenths of a 
per cent. However, in this case where we are measuring one 
watt of power at 150,000 volts:and the apparent power is of 
the order of 6000 watts, I frankly admit that we are very well 
satisfied with an accuracy within 25 per cent of true values. 
As the load inereases the accuracy greatly increases so that at 
40 watts we expect the error to be not over two or three per 
cent. One of the integrity tests used is described in the present 
paper; that is the double-conductivity test. Another test is 
deseribed in the Oct. 1924, A. I. EK. E. Journat in the paper on 
Power Measurements at High Voltage and Low Power Factor, 
by Carroll, Peterson, and Stray. In this test a shielded re- 
sistance was inserted. in the connection to the line; the value of 
this resistance was known as well as the line charging current 
through it from which the power absorbed by it was computed; 
this increase in power was also measured by the wattmeter. 
The agreement between the results of the two determinations 
was very satisfactory. The double-conductivity test was also 


‘used in connection with the above test. 


In regard to Professor Carpenter’s second question, I might 
say that we have so far tried only a common salt solution and 
have not gone farther than checking the formula given in the 
paper in an overall way for the purpose o finding any serious 
error. We measured the cold resistance of a solution and then 
ealeulated what the hot resistance of the water column should 
be; this result agreed very well with the value obtained under 
actual operating conditions. On some of these things we wish 
to make a closer follow-up as soon as we have time. 


On the Nature 


BY CLARENCE T. HESSELMEYER! 
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INTRODUCTION 


F a high voltage is applied between two electrodes, 
| experience shows that in any given case there is a 

limiting voltage below which no loss occurs; a 
permanent current flows only if the voltage is an alter- 
nating one and is then a purely charging current. 
Above this voltage loss appears, accompanied by the 
familiar phenomenon of corona; a permanent current 
flows even in the case of continuous potential, showing 
that the air space between the electrodes becomes a 
conducting part of the circuit. 

If E is the applied voltage and Q the quantity of 
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electricity which has passed in the circuit, then with 
alternating potentials the relation between FE and Q is 
represented in rectangular coordinates by a closed 
curve whose area is a measure of energy per cycle. 
The H —Q relation is therefore of primeimportancein the 
study of corona loss. 

A number of such ZH —Q diagrams of corona loss have 
been taken, and the results are presented in the first 
part of the paper. They lead to certain conclusions 
regarding the nature of corona loss discussed in the 
second part of the paper. 

Part I. 

The H—Q diagrams were obtained by means of the 
cathode-ray cyclograph. In this instrument a stream 
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of electrons emitted by a hot filament of a vacuum tube 
is directed along the axis of the tube by means of a 
strong electric field. The inside of the opposite end of 
the tube is covered with fluorescent material which 
becomes luminous at the spot where the electrons strike 
it. Along its path, this stream passes between two 
consecutive pairs of parallel metal plates arranged at 
right angles to one another. 

If the relation of two variables is desired, voltages 
proportional to these variables at every instant are 
applied between the corresponding pairs of plates. The 
electric fields set up by these voltages deflect the ray 
and cause it to describe a luminous curve on the fluo- 
rescent screen. For further detail, the reader is referred 
to an article by J. B. Johnson, Bell System Tech. Jour., 
Volvh p.laz, Nove tec. 

On account of the weakness and non-actinic qualities 
of the light produced by the luminous spot, it was neces- 
sary to make all observations visually and record them 
by tracing on a piece of tracing cloth held against the end 
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of the tube by means of aspecial fixture. In order to cali- 
brate the tube, two sets of readings were made using 
alternating voltages in one pair of deflectors and known 
values of direct current voltage in the other pair. From 
this test a set of coordinates shown in Fig. 1 was plotted, 
by means of which any E—Q card can be corrected for 
distortion and replotted in rectangular coordinates. 
All areas, whether replotted or not, were corrected for 
distortion. 

A typical connection diagram is shown in Fig. 2; 
W and O are the electrodes (in this case a wire and a 
cylinder); B is an electrically isolated cylinder the pur- 
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pose of which will be explained later. 1—1 are deflectors 
connected across an adjustable portion of a resistance 
placed across the voltage coil of the high voltage trans- 
former. These deflectors give a deflection proportional 
to the applied voltage, E. Deflections proportional toQ 
are obtained by connecting the other pair of deflectors, 


40 ft 


30 


20 | 


10 


KILOVOLTS 
oO 


MICRO-COULOMBS 
Fic. 3—BaARRIER EXPERIMENT—60 CYCLES 
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2—2, across a large capacitance C, connected in series 
with the outer cylinder. These deflectors are also 
shunted by a resistance of the order of a megohm. 
Without this precaution the plate not connected to the 
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anode would collect a charge and the spot would drift. 
Since the action of corona over positive and negative 
crests is unsymmetrical, there is a tendency for the 
capacitance, C, to accumulate a unidirectional charge, 
which is also drained off by this shunting resistance. 
The diagram itself gives the voltage across this re- 
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sistance so that the current in it can be calculated and 
the diagram corrected for it. The effect of this resist- 
ance was found to be negligibly small. 

Most of the tests were made with the classical ar- 
rangement of a wire along the axis of a cylinder. The 
connection between corona loss and the conduction of 
electric charges through the air space was studied by 
placing in the path of the charges, insulated barriers, 
B (Fig. 2), in the form of concentric cylinders of different 
diameters. The walls of -these barriers were always 
thin so as not to modify the original field, and it was 
then of no consequence whether they were made of 
conducting or insulating materials. 
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Fig. 


0.034-in. diam. wire and 16-in. (mesh) cylinder 
Barrier metal cylinder 11% in. in diam. 
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In all cases the wire was of copper 0.034 in. in diameter, 
and the outer cylinder O was formed of 14-in. mesh wire 
screen 16 in. in diameter. Figs. 3, 4, 5, 6 and 7 show 
some of the diagrams obtained with this wire and 
cylinder arrangement. 
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0.034-in. diam. wire in 16-in. diam. (mesh) cylinder. 
Barrier glass cylinder 11 in. diam. 


In Figs. 3 and 4, the original cards (taken with no 
barrier at 60 and 10.5 cycles respectively) were replotted 
in order to reduce them to a common scale. 

Figs. 5, 6 and 7, taken at 60 cycles and all at the 
same scale,.are reproduced without any change; barriers 
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were of 1 1 in. diameter metal tube, 114 in. diameter 
glass tube, and 11 in. diameter metal tube, respectively. 

Fig. 8 shows HE —Q areas (in joules) for the same maxi- 
mum voltage (28.5 kv.) as a function of barrier 
diameters. 

Fig. 9 is the reproduction of a card taken at 60 cycles 
on a 2380-ft., single-phase line composed of No. 20 
copper conductors spaced 36 in. apart. Figs. 10, 11 and 
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0.034-in. diam. wire in 16-in. diam. (mesh) cylinder. 
Barrier metal tube 11 in. diam. 
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Fig. 


12 show cards taken on the same line at 60, 120 and 
10.5 cycles respectively, replotted to the same scale. 


Part II 


The general characteristics of the #H —Q curves suggest 
the following explanation of corona loss:3 

When the electric field acting on a free electron ex- 
ceeds a certain critial value, the velocity acquired by 

3. See paper entitled ‘‘The Hysteresis Character of Corona 


Formation” by Prof. Ryan and Prof. Henline, Journa. 
A. I. E. E., p. 825, Sept. 1924. : 
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the electron becomes so great that when it collides 
with an atom of the air it dislodges other electrons from 
this atom; that is, it ionizes the air; and if this field is 
exceeded throughout a certain definite minimum dis- 
tance from the conductor (critical corona striking 
distance), visible corona appears. 

The liberated ions of opposite sign to that of the wire 
move towards the wire and can be assumed to reach it 
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instantly, the zone of active ionization surrounding the 
wire being always very narrow; the ions of the same sign 
as the wire move away from it, towards the outer cylin- 
der. To move these ions, energy must be expended by 
the source of e. m. f. creating the field. Corona loss is 
this energy, regardless of the place where it is expended, 
near the surface of the wire, or on the boundary of the 
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zone of active ionization, or midway between the 
electrodes; the manifestations of corona perceptible to 
our senses—light, sound, heat—are caused simply by 
further transformations of the kinetic energy imparted 
to the ions by the electric field, and depend on the place 
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and the mode of these transformations; within the zone 
of ionization, the energy is mostly spent in the in- 
visible process of ionization by collison; if the impact 
of an ion against an atom of the air is strong enough 
to disturb the equilibrium between the nucleus and an 
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electron of the atom, but not sufficiently strong to 
separate them permanently, the electron returns to its 
original position by a sort of vibratory.motion, giving 
up energy acquired from the colliding ion in the form of 
light. Outside of the ionizing zone, the path of an ion 
is marked by a series of collisions with the atoms of the 
air; at each collision a part or the whole of the kinetic 
energy of the ion is transferred to the atom; if the ion 
strikes a solid electrode, its kinetic energy is converted 
into heat. If the applied e. m. f. is alternating, the ions 
in the air space move as alternately positive and nega- 
tive waves; an outgoing wave meets a return wave of 
opposite sign; in the ensuing process of recombination, 
the energy of the ions is radiated in the form of light. 

For simplicity, it will be assumed that positive and 
negative corona phenomena are identical. 

In the corona caused by a continuous potential, the 
unidirectional flow of ions across the air space between 
the electrodes constitutes a true current in the circuit 
containing the applied e.m.f. The power expended 
in corona originates in the cooperation of this corona 
current with the applied e.m.f. In the corona excited 
by an alternating potential, a wave of ions may not 
cross the distance between the electrodes before the 
reversal of the field; in this case the to-and-fro motion 
of the waves of ions in the air space sets up a motion of 
electric charges induced by electrostatic induction in 
the circuit connecting the electrodes and containing the 
applied e.m.f.; the action of this e.m.f. on these 
induced charges corresponds to the corona energy loss. 

If a barrier is placed infinitely close to the outer 
cylinder, we have an exact equivalent of the system of a 
wire in a cylinder, without any barrier; if there is no 
barrier, an ionic charge crossing the air space and ar- 
riving at the outer cylinder will neutralize an equal 
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and opposite charge on this cylinder; if a barrier 
cylinder, infinitely close to the outer cylinder, is present, 
these two charges will remain separate but infinitely 
close to one another; in both cases their combined 
external action will be zero. For the sake of generality, 
it is convenient to assume that a barrier cylinder is 
always present. 

As before mentioned, the action of corona is to release 
into the space a charge of ions; an equal charge of 
opposite sign goes to the wire. By analogy with the 
vacuum tube terminology, the former charge will be 
called “space charge;”’ at any given moment it may. be 
located entirely in the air, or entirely on the barrier, or 
be distributed in the air and on the barrier. Let —Q be 
the charge on the outer cylinder and q = charge on the 
wire; the total charge of the system being zero, the 
space charge «x is given by the relation 

z+q-Q=0 
hencex = Q—q. Let HE bethee. m. f. applied between 
the wire and the outer cylinder; with the barrier cylin- 
der placed between the wire and outer cylinder, the 
charge— Q can reach the latter only through the circuit 
containing H'; hence this charge on the outer cylinder 
is the same as the charge Q in the E-Q diagram. 

The amount of space charge is controlled mainly by 
two factors: the variation—in time—of the field near 
the wire, and the initial ionization (number of free ions 
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at the moment when the field reaches the ionizing 
value); the field here means the resultant of the field 
due to the applied e. m. f. and the field set up by the 
space charge. 

It will be assumed‘ that, as a limiting influence, the 
second factor is negligible relative to the first, 2. e., that 
the antecedent ionization is sufficient to cause an in- 
stant and unlimited ionization by collision, unless 
checked by the drop of the field caused by the reaction 
of the space charge; in other words, as long as corona 


4. See Footnote No. 3. 
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lasts, the action of the space charge is to maintain the 
same distribution of the field in the zone of active ioniza- 
tion as that which exists at the moment when corona 
starts for the first time. This hypothesis means that 
during the existence of corona, the charge on the wire 
must remain constant and equal to the charge which. it 
has when corona first starts; if the initial critical corona 
voltage is Hy, and the capacity of the wire to the outer 


cylinder is C, then this charge is Q) = C EH); therefore, 
Di Rae Qo (1) 
Fig. 18 shows the distribution of charges. The 


charge g on the wire, with an equal and opposite charge 


— q on the outer cylinder, set up a potentiai difference 
q/C; the space charge Q@ — gq and an equal and opposite 
charge on the outer cylinder set up a potential difference 
EK’; the sum of these potential differences must at all 
times be equal to the applied voltage E; therefore, 


g/C +H’ =F (2) 


Equation (1) applies only during the portion of the 
cycle when corona exists; equation (2) holds good 
throughout the cycle. 

For the purpose of experimental verification of the 
theory it is convenient to study the simple case when 
the distance between the wire and the barrier is so small 
that the interval of time required by the ions to reach 
the barrier is negligible relative to the period of the 
supply voltage. The entire space charge is then on the 
barrier; if the capacity of the condenser consisting of the 
barrier and the outer cylinder be denoted by C’, the 
potential difference E'’ due to the space charge Q — q is 
(Q — q)/C’, so that equation (2) becomes 


g/C + (Q-—@)/C'=E (2a) 
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The equation of the H-Q curve when corona exists is 
obtained by substituting gy = Qo = C Ey [equation (1) ] 
into equation (2a); this gives 

E =Q/C’ +E, (1— C/C’) (3) 
This is a straight line, 1—1,. Fig. 14, of slope 1/C’, 
which passes through the point C of initial corona 
(i. e., starting for the first time, without any space 
charge). 

When the voltage reaches its maximum value at M 
and begins to decrease, corona immediately stops. 
For, beyond M, the continuation of corona would mean 
that in equation (2), g/C would remain constant by 
equation (1), while EL’ would increase on account of the 
increasing space charge, the net result being an increase, 
not a decrease, of the applied e. m. f. E. 

After corona stops, the space charge remains con- 
stant, 7.e., Q—q = (constant); the equation of the 
E—Q curve for this part of the cycle is obtained by 
substituting gq = Q— (constant) in equation (2a); 
this gives : 

E = Q/C— (1/C — 1/C’) X (constant) 

This curve is a straight line M N of slope 1/C, 2. e., 
of the same slope as the precorona line O C of the con- 
denser formed by the wire and the outer cylinder. 


itiwer, 14! 


By reason of symmetry, corona of the opposite sign 
will follow the straight line 2—2, parallel and sym- 
metrical to the line 1—1. This line passes through 
the point C’ symmetrical to C and corresponding to the 
critical voltage — Hy; but corona begins earlier, at N, 
because the space charge on the barrier now assists the 
applied voltage H in producing the ionizing gradient 
(field). 

If the maximum of the voltage corresponds to the 


‘ 


Sept. 1925 


. points, M’ or M’’, the loops, M’N’R’'P’ and 
M’'' N"’ R” P’’, may have very different appearance. 

Let E,, be the maximum value of the applied voltage; 
the area of the E — Q loop is 4 Ey (E,, — E) (C’ — C). 

The characteristic.features of the loop of Fig. 14 are 
well in evidence in Figs. 5 and 6 where the diameter of 
the barrier cylinder is small enough to justify the as- 
sumption of the instantaneous transfer of ions from the 
wire to the barrier, yet large enough to minimize the 
effects of various irregularities such as eccentric loca- 
tion of the wire relative to the cylinder, vibration of the 
wire, dirt on its surface, ete. 

The simplified diagram is independent from the 
frequency; it is also not affected by the wave shape of 
E so long as the latter has no multiple peaks. 

' If it is attempted to extend this construction to the 
case where the barrier coincides with the outer cylinder, 
the lines 1—1 and 2—2 become horizontal, and the 
loop extends to infinity. This absurd result is due to 
fact that so long as the charge on the wire is constant, 
the increment of the space charge is equal and opposite 
that of the outer cylinder, and, being infinitely close to 
the latter, completely neutralizes it so that there is 
nothing to prevent an unlimited amount of corona 
‘discharge. In this case the finite velocity of the space 
charge cannot be ignored. 

Suppose, now, that the velocity of ions is not infinite; 
then a space charge may exist not only on the barrier 
but in the space between it and the wire. If the field 
were unmodified by the presence of the space charge it 
would be easy to predetermine the motion of an ion; 
- the field at a distance x from the axis of the wire is 

E 
—— 
x log 


where R and r are radii of outer cylinder and wire. 
Therefore, the velocity being proportional to the field, 
the distance x is determined from the equation 


dx ak 
dt R 
x¢ log —— 
- 
where a is a constant and E is a function of time t. 


This equation, integrated for the case where E = 


E,, cos w t, gives 
t 


idee ti a Rd 
I-59 zrecanereieet| iad 
og 
i 


to 


(ey fe ‘ , 
Seay Te (sin wt — sin w fo) 


w log —— 
r 


where x) = x at the boundary of zone of pneion from 
which the ion starts and ¢) = time at which it starts. 
This relation is shown in Fig. 15 for a 0.034-in. diameter 
wire in a 11-in. diameter cylinder. The abscissas Eo/Em 
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give the ratios between the critical corona voltage HZ, and 
the maximum applied voltage E,,. The ordinates show 
the maximum travel of ions: the upper branch, for the 
ions discharged as soon as the voltage reaches the value 
Eo, increasing, and corona begins; the lower branch, for 
the ions discharged when the voltage passes the value 
Ey, decreasing, and the corona is on the point of 
stopping. 

However, the study of the experimental E—Q 
curves shows that the field-is profoundly modified by 
the space charge; the analytical treatment of this case 
with alternating potentials is a difficult problem; but 
it is easy to explain all the peculiarities of the experi- 


—- i t = = 
| | — Negative Ions 
| 


---- Positive Ions 


| 
| 
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| 
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| alsced Velocities ‘ 
ue Tons 1.83 cm/sec. Per Volt/cm. 
Pos. Ions 1.35 em./sec. Per Volt/em. 
| 
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Fic. 15—Travet or Ions In A Raptat FIELD 


(0.034-in. diam. wire in an 11-in. diam. cylinder) E, = critical corona 


voltage = 16.4ky. at 60 cycles (maximum). 


mental curves, as affected by the voltage, frequency, etc. 
Since these peculiar features are of no importance except 
as a proof of the validity of the theory, only a few of 
them will be analyzed below. 

Experiment gives a loop such as shown in Fig. 16. 
Assume that at M, where the voltage is maximum, the 
polarities are as shown in Fig. 18. Corona stops at the 
point A, where Q passes through the maximum. For, 
if x denotes the space charge, we have Q=2x+4q; 
as long as corona exists, q is constant and «x increases; 
therefore Q increases; as soon as corona stops, x re- 
mains constant and q decreases; therefore, Q decreases. 

The applied voltage at A, where corona stops, is 
necessarily higher than the eritical value Hy, because 
the action of the space charge is to oppose the field at 
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the wire due to the applied voltage. After corona 
stops, the space charge « = Q— q remains constant, 
i.e, @Q =dq, and the slope of the H—Q curve 
results from equation (2): 


dE 1 


dE 
Os ao dQ 


At first the potential difference E’ decreases because 
the space charge approaches the outer cylinder. Be- 


yond M the decrease of EF is small while that of EH’ is 
finite; there must be a compensating increase of Q; 
at A the decrease of EF is just equal to that of E’’; beyond 
A, E decreases faster than E’, as shown by decreasing Q. 
At A, q = Qo, and is positive; at D, where E = O, 
q is already negative, as otherwise the sum of q/C and 
FE’ could not be zero; therefore, there exists a point F 
where g = O; at this point the field near the wire 
reverses; with the increasing negative q the region of 
reversed field increases, gradually overtakes the ions of 
the space charge, and causes them to flow back to the 
wire; the rate of decrease of H’ diminishes and soon E’ 
begins to increase; since the space charge now cooper- 
ates with the applied e.m.f. in setting up the field 
near the wire, the ionizing gradient is soon reached and 
corona discharge begins at I’ before E’ reaches the 
critical value Hy. At the point G, where E’ ceases to 
decrease and begins to increase, dH’ = O and the 
slope is 1/C; at this point the tangent is parallel to the 
precorona H—Q line OC. 

At I’ the corona discharge suddenly releases into the 
air space a negative charge, while an equal positive 
charge goes to the wire; the negative ions meet and dis- 
charge the residual positive space charge so that the 
net result is as if this residual positive charge were 
suddenly transferred to the wire; the variation of EH’ 
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caused by this sudden transfer must be balanced by an 
equally sudden variation of Q; this explains the more 
or less abrupt change of the slope of the E—Q curve at 
I’. Beyond I’ the new charge gradually discharges 
and supersedes in the air space the residual space charge, 
at A’ the negative space charge is maximum; corona 
stops, as at A, and so on, throughout the cycle. 

If the frequency is low, the ions of the space charge 
will have time to reach the barrier; at very low fre- 
quencies the amount of space charge in the air will be 
small relative to the charge accumulated on the barrier, 
and conditions of Fig. 14 will be approximated; at very 
high frequencies the ions will have no time to move from 
the wire beyond the corona-striking distance; the effect 
will be as if the barrier were close to the wire;- the 
E—Q loop will again be as in Fig. 14, but this time 
with a very small area. As at all frequencies the area 
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is controlled by the same factors, viz. the amount and the 
extent of travel of the space charge, we can say; 
from very high frequencies to very low ones the area 
increases from nearly zero to a maximum correspond- 
ing to the sharp-cornered loop whose construction was 
given in connection with Fig. 14. 

In the practical case for high frequencies, because of 
the formation of a very open brush pattern wherein the 
brushes shield the intervening spaces preventing all 
corona, the ions returning to the conductor are few 
compared with the ions of both signs remaining in the 
brush-streamers, the space charge becomes negligible 
and the phenomenon changes over to one of ordinary 
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conduction. In air, at common pressures and tempera- 
ture, laboratory studies to date indicate that the space- 
charge type of corona formation disappears at a 
frequency of about 5000 cycles.® 

With the same outer cylinder, the greater the di- 
ameter of the barrier the greater is the extent of the 
travel, therefore, the greater the area of the loop; 
but only up to a certain limit: if the diameter of the 
barrier becomes so great that the number of ions reach- 
ing it begins to decrease, its influence on the area be- 
comes less and less pronounced, and vanishes altogether 
when ions cannot reach it at all. 


The curves of Fig. 8 confirm these statements: the 
low frequency curve lies above the high frequency 
curve; when the diameter of the barrier increases, the 
area increases, but at a gradually diminishing rate. 
Points denoted by © refer to a test made with the 
barrier cylinder formed of 14-in. mesh wire screen; 
their displacement from the respective curves shows 
distinctly that the screen, like the grid in a vacuum tube, 
is not a perfect barrier in the path of the ions. Double 
points for 11%-in. diameter are taken from two tests. 


The arrangement of a wire in a cylinder was used on 
account of its theoretical and experimental simplicity, 
but the foregoing conclusions are not specific to this 
arrangement. In all cases of corona there is a space 
charge whose action is always of the same general char- 
acter. An H—Q loop is bounded by two distinct kinds of 
curves, each of a more or less constant slope, correspond- 
ing to a continuous variation of physical elements, 
but with a sort of discontinuity and an abrupt change of 
slope at the junction points, due to the sudden appear- 
ance and disappearance of corona. Curves of Figs. 9, 
10, 11, and 12 show these general characteristics; in 
Fig. 17 the loss computed on the basis of Figs. 10, 11, 
and 12 is compared with the loss directly meastred 
with the high voltage wattmeter, and the agreement 
is very satisfactory. 


Discussion 


R. W. Sorensen: The peculiar curves for Fig. 1 of this paper 
have to be used in charting the results because a piece of tracing 
cloth, stretched over the end of the cathode-ray tube, must have 
lines, as shown, drawn on it to correct for the curvature of the tube 
and the distortion of the wave. 


H. J. Ryan and J.S.Carroll: In the paper on The Hysteresis 
Character of Corona Formation, by Henline and Ryan,! pre- 
sented a year ago at the Pasadena Convention of the Institute, 
the authors, in arriving at the existence of a space charge about 
a conductor in corona, worked at a disadvantage because they 
had not actually located the radial position of such space charge 
with respect to the conductor. During the past year two of our 
graduate students, Mr. Hesselmeyer and Mr. Kostko, proposed 
to study the radial location of the space charge by the simple 
plan of a concentric barrier that would limit the radial distance 
of the space charge from the conductor surface. They would 


5. Eugene D’Hooghe, “The Infiuenee of Frequency on Co- 
rona Discharges’, Standford University Thesis, June, 1922. 


HESSELMEYER AND KOSTKO; ON 'THE NATURE OF CORONA LOSS 


1023 


use an isolated barrier cylinder mounted concentrically as speci- 
fied in their paper; they would obtain the corresponding E-Q 
relation and then change the radius of the barrier and obtain the 
E-Q relation again. This plan would be continued over a wide 
range for the radius of the barrier in order to determine the man- 
ner in which the character of the H—-Q relation would change with 
the barrier radius. The purpose of this undertaking was to find 
out whether the character of the E—Q relation, when barriers were 
used that bound the space charges to definite radial positions, 
would approach the character in form and area of the E—Q rela- 
tion as found for widely separated parallel conductors surrounded 
by no barriers. 


When the work was completed and this paper was prepared 
by the authors and studied by us, the following point of view 
developed: The areas in units of energy, given by the Hessel- 
meyer-Kostko H—Q diagrams, could be expressed in terms of the 
voltage and the capacitances of the conductor to the space charge 
and of the conductor to the grounded cylinder or neutral plane. 
The corresponding power would be the product of the energy by 
the frequency. Henline and Ryan, in their paper a year ago, had 
given the corresponding equation for the energy per cycle in 
terms of voltage and but one value of capacitance, viz., that of 
the conductor to the neutral plane. It was manifest that, by 
combining these equations, one could isolate the value of the 
capacitance of the conductor to the space charge. 


Mr. Kostko then derived the equation for the power lost in 
corona using a barrier, as follows: 


P=4fC (EE, — E,?) (2a) 
Gt 


Crt 


wherein 


E, is the value of the crest voltage, 

Ey, the value of the critical voltage, 

C, the capacitance from conductor to neutral, 

C”, the capacitance from conductor to the space charge, and 
f, the frequency. 


The corresponding equation given in the Pasadena paper a 
year ago, wherein the term C”, capacitance of conductor to 


space charge was not used, was: 


P=4fC (2? — E £)) : (2) 


By combining and reducing these equations the value of the 
capacitance of the conductor to the space charge was found to be: 


E 
or=0( 5 2 


If the radial distance from the conductor to ‘the cylindrical 
space charge be D,, and the radius of the conductor r, then the 
valuetof C” will also be: 


13) (3) 


2d) 
0.00368 ( 
C= 
D, 
logio ao ) 
r 
By combining equations (2c) and (2d) 
D 0.00368 
log (ee = ) a ee (2c) 
: E 


o(4- +n) 


and 
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log D, = logr + (2f) 


0.00368 
wherein 


E 
C 1 
(easy) 
D, and r are in inches 


C and C” are in farads per 1000 feet of conductor. 

Equation (2f) was applied to one of the corona loss-voltage 
curves! given by Professor Harding’s Pasadena 1924 paper? 
the following locations of the space charge were obtained: 


e Ky. per inch, r. m. s. 
EVs Wedel ee 
swe. to RA Conductor to Between pointed 
neutral in inches space charge electrodes* 
140 9.5 14.8 10 
165 12.0 13.8 10 
220 18.9 ING 9.9 , 
260 24.1 10.8 9.8 
300 29.8 10. 9.8 


*A.I. E. E. Standardization Rules, 1912. 


As a check upon this understanding of the distance of the space 
charge from a conductor in corona the following trial was made: 
In front of a pointed electrode at a distance of 9.5 inches a grid 
of fine wires was mounted. Alternate wires were electrically 
connected, thus forming two groups of wires each interlaced with 
the other. To the groups, a 20-volt, dry-cell battery was con- 
nected through a portable galvanometer; 60-cycle alternating 
voltage was then applied between the pointed conductor and 
grounded plate and the indications of the galvanometer noted as 
the value of the voltage wasraised. The galvanometer indicated 
that no current was set up through the air between the two groups 
of wires in the grid until the voltage was raised to an effective 
value of 110 kv. Thereafter the current increased at the rate 
of 0.1 microampere per kilovolt until the value of three micro- 
amperes was attained at 140 kv. Asa slight further increase of 
the voltage was made, the current through the air between the 
grid wires rose to eight microamperes. And then,as the voltage 
increase was continued, there was uo corresponding vontinuation 
of increase of current. This is precisely the sort of thing that 
should happen if the foregoing understanding of the existence 
and position of a space charge about a conductor in corona is 
correct. 

The matter was tried out by another plan: The space charge 
was reversed while the voltage increased from the critical value 
E, to the crest value, E, in a corresponding interval At=t — fp. 
During such interval, At, electrons must travel from the con- 
ductor to the location of the space charge when the potential of 
the conductor is negative, and vice versa when positive. When 
the electrode in corona is the point of a conductor, the resulting 
luminosities produced by the migration of the electrons as just 
specified might be intense enough to be visible in full darkness 
to or near to the radial position of the space charge. On trial, 
such was found to be the case. 

Another reasonable conjecture in regard to action due to the 
space charge was encountered: Voltage was applied between a 

1. In applying these equations it should be remembered that the 
voltage must be taken at a value sufficiently above the critical voltage 
to ensure that a fixed brush pattern has been formed and the value of 
C is a constant as presented in the Pasadena paper. 


2. Corona Losses between Wires at Extra High Voltages by C. F. 
Harding, A. I. E. E. Journat, October, 1924, page 932. 
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pointed conductor and a grounded metal plate. As the voltage 
was raised, corona filled a conical space that expands from the 
point toward the plate through distances in relation to voltages 
that correspond roughly to those given in the above table. As 
the voltage crests occur the space charges and point potentials 
have the same sign, while the signs of the space charges and 
bound charges induced in the grounded plate as opposing elec- 
trode are opposite. The consequence is that the intensity of the 
electric field between the space charge and the point has been 
reduced and that between the space charge and plate has been 
correspondingly increased. The outcome must be that, as the 
voltage is raised, critical electric stress will be encountered in the 
air between the space charge and the plate beyond which the 
intervening air must be ionized and rendered conductive. On 
trial, this too was found to be the case. As the voltage is raised, 
the faintly luminous cone develops, attached to the point with 
rounded base thrust forward. Then, as the rise of the voltage 
continues and the growth of the cone moved its base to a position 
whereat it was somewhat nearer the plate, a faint pillar of light 
suddenly extended from the cone to the plate; the air column 
connecting the point to plate had been ionized and spark-over 
and arcing followed with slight further increase of voltage. 

And so thus far every plan that has occurred for authenticat- 
ing the existence and position of the alternating space charges 
established and maintained about a conductor in corona due to 
60-cycle voltages when tried out, has resulted in corroboration 
of the understanding as given. 

H. S. Bates: I should like to ask Mr. Hesselmeyer if there 
will be any means of accurately measuring corona loss? I wish 
to ask also what is the best method of preventing it? 

C. T. Hesselmeyer and J. K. Kostko: The experiments of 
Prof. Ryan and Mr. Carroll are interesting not only because they 
prove the existence of a space charge, but also because they 
suggest experimental arrangements for a quantitative study of 
the distribution of the space charge and the field. It is easy to 
set up equations theoretically determining these two elements 
(Poisson’s equation and equation of continuity); but numerical 
solutions could only be obtained by reducing these general 
equations to simpler types, based on the results of a preliminary 
experimental study of the problem. 

In the author’s opinion the most accurate method of measur- 
ing corona losses available at present is by means of the high- 
voltage wattmeter developed at Stanford University and 
described in several Institute papers by Mr. Carroll and others.* 
In Fig. 17 of the paper the losses measured with this wattmeter 
are compared with the losses obtained by a very different 
method—integration of the H-Q eyclograms—and the agree- 
ment is remarkably good. ; 

As indicated by the theory and confirmed by experiment 
(Fig. 8), it is possible to reduce corona loss by setting up a suit- 
able space charge around the conductor, for instance by enclosing 
it in a cylinder of a small diameter; it does not seem, however, 
that this method is suitable for practical applications, at least. 
in the case of a transmission line. A radical reduction of the 
transmission frequency would result in a reduction of corona loss 
(Fig. 17), in addition to many other advantages, such as better 
regulation, ete, ; 
iS pik aPqwer ifedsurements at High Voltages and Low Power Factors by 
J. S. Carroll, T. F, Peterson, and G. R. Stray, Journar A. I. E. E., Oct. 
1924, page 941. 


Some Features and Improvements on the High-Voltage Wattmeler, by 
J. S. Carroll, Journar A. I. E. E., Sept. 1925, page 943. 
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HE present paper is presented as a contribution to 
the educational activities of the Institute. Educa- 
tion is often an art and never completely a science. 

With respect to ions and electrons the science is new and 
the development of the art scarcely begun,—an art that 
is bound to undergo rapid evolution. The value of the 
present paper at best can only exist temporarily. 


Physicists and chemists in their studies of the 
foundation of matter during the last quarter century 
have been profound students of ions and electrons. 
Virtually all of their discoveries and results are of direct 
or indirect value to electrical engineers. The technical 
and practical uses of knowledge of this character today 
are extensive. Many important developments have 
been possible only by its means. And such develop- 
ments have encountered difficulties that in turn have 
defined the great need of further knowledge of the same 
general character. The need for the electrical engineers 
is being formed, however, in an entirely different 
mold from that which shapes the requirement of the 
more general science worker. 


In many of the problems originating nowadays in the 
electrical industries wherein ions and electrons are 
involved, the physicists and chemists are, in all ordinary 
circumstances, so loaded with necessary duty in the 
solution of their own problems that they can rarely 
afford the time and facilities to come to the aid of 
electrical engineers. The electrical engineers can, 
therefore, no longer depend largely upon the physicists 
and chemists for enhanced results that will enable them 
to solve their own problems of this class. They will 
have to do their full share from this time forth to ex- 
tend knowledge of the facts in regard to ions and 
electrons and their behavior. 


It is of corresponding importance that all advanced 
students among the incoming generation of electrical 
engineers be reasonably well equipped with an under- 
standing of the present-day expediency for attacking 
problems encountered in the electrical industries that 
require for their solution a clear understanding of the 
behavior of ions and electrons. It is also recognized 
that advanced students are not always young men in 
the colleges. It is important that all,—old and young, 
—wherever situated, should know that it will be most 
helpful to them and to the electrical industries to 
acquire a well-founded knowledge of ions and electrons 


*Professor of Electrieal Engineering, Stanford University, Calif. 
Presented at the Pacific Coast Convention of the A.I.E.E., 
Seatile, Wash., September 15-19, 1926. 


and to learn how to take advantage of every opportunity 
to apply or to extend such knowledge. 

Millikan has splendidly summarized existing knowl- 
edge of electrons and ions in his book on The Electron’, 
more especially from the point of view of the physicist. 
J. J. Thomson? has rendered a similar service from the 
point of view of the chemist, though himself a physicist. 
To these recent classical treaties the advanced student, 
at the threshold of the subject, is referred. 


The following are some of the fundamental facts in 
regard to electrons that must always hold the attention 
of many electrical engineers: There are two varieties of 
electrons, distinguished primarily by the signs of their 
respective electric charges. The quantities of these 
charges are alike for each,—4.78 by 10-” electrostatic 
units, or 1.59 by 10-” ampere-seconds. In respect to 
other attributes they differ decidedly. The mass of the 
negative electron is 1/1845 that of the hydrogen atom,— 
the lightest of all atoms. Correspondingly, the mass 
of the positive electron is approximately 2000 times the 
mass of the negative electron, or nearly the same as 
that of the atom of hydrogen. In atomic structure the 
positive electrons behave as though they and some 
of the negative electrons formed the atomic nucleus, 
while the rest of the negative electrons associated with 
an atom behave as though they were set in orbits about 
the nucleus. So far as is known, positive electrons do 
not exist in the free state. They exist only within the 
nuclei of atoms accompanied by some of the electrons 
that bind them in close proximity by electrostatic 
attraction. The numbers of positive and negative 
electrons present in the same neutral atom are equal. 

The spontaneous breaking up of the nuclei of the 
heavy (radioactive) atoms into helium atoms and nega- 
tive electrons is the nearest known approach to the 
existence of free positive electrons. On the other hand, 
free negative electrons exist in abundance. An almost 
endless variety of physical or physicochemical actions 
may break their orbital bonds to their corresponding 
atomic nuclei and set them free. The removal of a 
negative electron from an electrically complete or 
“neutral” atom results in the presence of one free 
negative electron, ordinarily called electron, and an atom 
carrying the positive charge of one electron. Such an 
atom is ordinarily referred to as a positive ion. Under 
all ordinary conditions approaching quiescence, free 
electrons adhere to atoms, otherwise neutral. The 
bond is weak and easily broken when the atom is 


1. Forall references see bibliography appended hereto. 
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driven electrically or mechanically through gases, 
fluids, or near the walls of solids. 

All conduction of every character is now known to be 
due to the movement of positive and negative electrons 
or more simply ions or electrons, or both. The electrons 
or ions may be moved mechanically, electrically or 
electromagnetically. An example of their movement 
electromagnetically is encountered in the electron jet 
cyclograph, wherein the electrons liberated from a hot 
cathode are driven forth in a jet by a strong electric 
field, and the jet is then deflected transversely by a 
magnetic field. 

It follows that the mobilities of electrons and ions 
through solids, liquids, gases, and empty space are 
factors of the highest importance. Far too little is 
known about these mobilities. Physicists, however, 
have determined them as the velocities of positive and 
negative ions in electric fields of unit strength in air and 
in hydrogen at the usual density occurring at-a tempera- 
ture of 15 deg. cent. and a pressure of 76 cm. as follows: 

Mobilities in em. per sec. in 


unit fields, 7. ¢., one volt per 
em. 


Positive Negative 
ar aie Se eee 135 ese 
iEbydro gen see ermer 6.1 7.8 


For practical purposes the relations of these mobilities 
to their corresponding fields of strength may be assumed 
to be linear for the time being. 

Correspondingly, all non-conduction must be due to 
one of two things,—the non-movement of all ions and 
electrons present or their total absence. Materials 
through which ions or electrons can be moved freely are 
designated as conductors. Materials through which 
ions and electrons can not be moved are designated as 
true insulators. 


With the new understanding of electrical phenomena, 
it is helpful to distinguish three sorts of conductors and 
corresponding conductions: 


I. Metallic conduction—due to the free movement 
of electrons from atom to atom, requiring no e. m. f. 
for their detachment and only that e.m.f. which is 
required to supply the heat absorbed through the in- 
creased atomic agitation that has been produced. 


II. Electrolytic conduction—the free movement of 
ions through an ionized liquid (or salt solution) from 
anode to cathode and vice versa, using an e. m. f., part 
of which is consumed positively or negatively in de- 
taching or attaching ions at the electrodes in dissociation 
and recombination of the electrolyte and for the rest in 
supplying the inevitable heat due to the increased 
mechanical molecular agitation. 

III. The movement of free ions or electrons in a 
non-ionized fluid. Conduction of this type is dependent 
upon two factors: (1) A requisite source of ions or 


electrons, and (2) the e. m. f. required to overcome the 
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counter e.m.f. of space charges and again to supply 
the inevitable heat. 


Fluid conduction may be set up in every kind of 
fluid, liquid or gaseous. No fluid of any sort pervaded 
with a supply of ions or electrons can properly be re- 
garded as an insulator. Correspondingly every fluid 
in which ions and electrons are absent must function 
as an insulator. 


Amorphous bodies or the precooled liquids, such as 
glass, the matrix of porcelain, fused quartz, etc., should 
be remembered as belonging to fluid conductors. The 
hardness of these bodies is due to their high viscosities, 
occurring when they were cooled from the molten state 
without crystallization. Pure, normal sulphur is an 
example of a non-fluid or crystalline body free of ions 
that intercepts completely the flow of ions and electrons, 
and functions, therefore, virtually as a perfect insulator. 
Fluids can have no such dependable barrier quality. 
This is the great reason why fluid insulators must al- 
ways be supplemented with substantial barriers that 
break up the threadlike channels occupied by moving 
ions when driven by applied e. m. f. 


Many have a feeling that air is a well-nigh perfect 
insulator or barrier to the passage of current forced 
along by applied voltage. The fact is that air has little 
or no barrier quality. If ions are liberated into the air, 
as by the passage of X-rays, on the application of a few 
volts only, the air may be observed to conduct with 
relative facility. It is actually no insulator in the 
sense that sulphur is. The great reason why air 
appears to function as an insulator in all ordinary cases: 
is because of the absence of virtually all facility for 
liberating ions or electrons into the air8 To detach 
an electron from a metal electrode into a gas requires 
an electrical field terminating on the wall of the elec- 
trode that has been formed by the application of a 
million volts per centimeter. Above such voltage 
gradient terminating upon a conductor, air ceases to 
function as an insulator because the applied e. m. f. is 
sufficient to expel ions copiously from the one metal 
electrode and drive them through the air to contact 
with the opposing electrode where they are discharged, 
thus completing the electric current circuit. At 
correspondingly lower voltages, the air will function 
as an insulator only because electrons can not escape 
from the conductor walls. 


Because metals and carbon when raised to suf- 
ficiently high temperatures will radiate electrons and 
thus supply ions copiously, air in the presence of highly 
heated electrodes ceases to be an insulator and functions 
abundantly as a conducting medium. 

We are thus compelled to recognize once for all that 
actually air and other gases are not really insulators; 
the thing that did the insulating, which was mistakenly 
attributed to the air, was actually a property of the 
wall of the conductor-electrodes by which electrons 
were confined within the conductor and not permitted 
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to escape into the air or other gases occupying the space 
between and surrounding the electrodes. , 

It is particularly in this “‘no-man’s-land” of ions and 
electrons, wherein insulators are not insulators and 
conductors. are not conductors, that. the electrical 
engineer is: much concerned today. 

The=mostumportant: of: the expedients for liberating 
electrons are: 

I. From metal electrodes immersed in air or other 
gases 

a. by heating the electrodes, 

b. by applying ultraviolet light to the elec- 
trodes, for which some metals are more effective than 
others, 

c. by coating the electrodes with certain salts 
that emit electrons copiously when heated, 

d. by intense electric charges, 1000 kv. per 
em. in air—1250 kv. per cm. in vacuum, 


e. by evaporation or boiling of the metal or 


carbon electrodes. 
ak From gases: 

a. by exposing the gases to X-rays or by the 
emanations from radium and other radioactive 
substances, 

b. by collision ionization, commonly called 
corona. 

III. From metals to fluids 

Electrons pass out from the cathodes and into the 
anodes immersed in electrolytes by the phenomenon 
known as electrolysis, long since well understood 
through the activities of the chemist. 

IV. From metals to solids 


Herein little is known as yet. There appears to 
exist no general understanding of the phenomenon of the 
passage of electrons from a metal to a non-conducting 
solid. Nevertheless, among the classical experiments 
of a century ago there was the one in which the metallic 
coatings of a “Leyden jar’ were made removable. 
With the electrodes mounted the jar was charged. The 
coatings were then removed and the jar and coatings 
were examined to determine the seat of the charge. 
The coatings were discharged and replaced and the jar 
thereafter discharged as a whole, when it was found 
that the discharge was virtually as strong as if the 
coatings had not been removed, discharged and re- 
mounted. Through the new knowledge, we now know 
that when metal electrodes make good contact with 
solid dielectrics, electrons pass easily from the metal 
electrode to the atoms of the contacting dielectric and 
vice versa. The conclusion is inevitable that the con- 
tact e. m. fs. between the metallic and dielectric walls 
are extraordinarily low, permitting the easy exit of the 
electrons from the negatively charged electrode to the 
adjacent dielectric, and conversely from the dielectric 
to the positively charged electrode. Because in solid 
dielectrics neither electrons nor charged atoms can 
migrate with any but the slightest degrees of freedom, 
the dielectric functions as a barrier; an excess of elec- 
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trons in the superficial face of the dielectric under the 
cathode and.the opposite condition under the anode 
oecurs.and develops until the counter e. m. fs. of the 
bound charge thus produced balances the applied 
voltage whereon the action rests in a potential state. 

Y. Liberation of ions and electrons is produced by 
friction, splashing of liquids-and bubbling of gases 
through liquids. 

Of the highest importance, likewise, are the facilities 
available for the quantitative observation of the causes 
and corresponding effects of the activities of ions and 
electrons. In occasional circumstances, the quantities 
to be measured are all suitably large, including the 
expenditures of power for which there is at hand a 
wealth of well-known measuring expediencies. Often, 
however, one or more of the essentials to be measured 
are relatively very small or very large and the cor- 
responding facilities available are as yet few, if at all, 
and general experience in their use may be lacking. 

For the detection and gaging of small free charges in 
the air and gases, the gold-leaf electroscepe, the delicate 
electrometer or galvanometer are often necessary. 
New uses for the old expedient of the potential plate or 
potential electrode are being found for the deter- 
mination of potentials due to position, potential gra- 
dients, voltage duties, and potentials as modified by the 
presence of space charges. Conducting or non-con- 
ducting barriers in plates, tubes or other forms as re- 
quired to limit the migrations of ions or electrons are 
often most helpful. A metal woven mesh, coarse or 
fine, may have its uses as a kind of“grid” for high volt- 
age studies of the migrations of the electric carriers in 
air, gases,andliquids. The modern cathode-ray oscillo- 
graph and electron jet recorder are of extraordinary 
value for the promulgation of these studies. 

In many studies the time-relation wherein a thing 
happens within the duration of a cycle or transient is of 
dominating importance. In these cases some depend- 
able criterion in time relation must be found. When the 
actuating voltage is cyclic or transient and maintained 
with the requisite power, the non-inductive, non- 
capacitive resistor for “tapping out” fractional replicas 
of the total actuating voltage is a valuable expedient 
herewith. The potential plate, judiciously used, is 
also a helpful expedient for the same purpose. 

Studies of this character in one way or another require 
electric power supply-sources in almost every thinkable 
voltage-current-time relation. Herein for continuous 
high voltages the old electrostatic machine and modern 
kenotron (the latter with requisite accessories) are 
available. Below and above commercial frequencies, 
laboratory forms of alternators and arc-converter and 
electron-tube oscillators are available; the choice 
must be determined by the special circumstances. 

In the aggregate, there must be provision for the use 
of almost every character of substance occupying the 
immediate space about the electrodes which in turn 
must be available in every required form taken with 
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respect to the method by which ions or electrons are to 
be detached from them. Among these electrodes there 
must be those which are made of boiling metals or 
carbon. ' 

Henceforth, problems without number will come up 
for attention in the electrical fields the solution of which 
will be feasible only through the use of abundant 
knowledge of ions and electrons to be acquired only by 
orderly, persistent effort. In closing, by way of example 
herein, one may mention the problem of the reduction 
of the damage done by power line flashovers. In a 
considerable percentage of these flashovers the trouble 
is started by indirect lightning, or other forms 
of over-voltages or some sort of attenuated conducting 
material laid across the circuit, usually from conductor 
to tower. In a great many of these cases the trouble 
is known to have had a very small beginning that now 
and then is not augmented and clears itself. But in 
the majority of cases the local metal faces of the con- 
ductor and tower are heated with great rapidity to the 
boiling point in those spots that happen to be located at 
the termini of the thin ion-electron stream that in- 
augurated the action. The ionized vapor liberated by 
the boiling that ensues enormously augments the 
conductivity of the original stream of electric carriers, 
resulting in the rapid development of a heavy short. 
An effective procedure for the solution of the problem 
may be to cover the conductors at the towers suitably 
with a heat resisting barrier that will not permit the 
discharge to terminate on the conductor in a sufficiently 
narrow spot to produce boiling so as to permit the action 
to clear itself. It is not forgotten that in procedures 
of this sort not one but all perceivable options that 
promise a solution must be worked through at least to 
that point from which it is seen that they may or may 
not be given up effectively. 

In conclusion, it should be helpful to all electrical 
engineers to acquire a knowledge of the more important 
factors in the behavior of ions and electrons; and for 
the maintenance of a well-balanced progress in the 
electrical industries, it is highly necessary that some of 
the electrical engineers acquire, augment, and apply the 
highest attainable knowledge of this subject. 
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Discussion 

R. W. Sorensen: Professor Ryan says, ‘‘There are two 
varieties of electrons, positive and negative.’”’ On this he can 
find much authority; in fact in his book, ‘‘The Electron,” 
Dr. Millikan speaks of positive and negative electrons, but I 
much prefer in this particular to follow the practise of those 
who define the electron by saying it is a cathode particle such as 
is found in the cathode rays. I choose this path of thinking 
about electrons because we all know something about cathode 
rays. These rays have been found to be made up of negatively 


.charged particles, and the particles are called electrons. 


This definition makes the electron a single individual, always 
negative, rather than twins, one positive and one negative, and 
it is, as a consequence, more easily recognized. If the electron 
cannot be a twin, we must provide it with an affinity from which 
it wishes never to be separated, and in this form of nomencla- 
ture the term proton has been applied to the same individual 
that Professor Ryan has ealled the positive electron. 

More frequently than not, these electrons and their protons 
are found in large groups, but, in the ease of the hydrogen atom, 
they are alone, this atom being made up of one electron and 
a single proton nucleus. That points out one question to which 
we might refer in Professor Ryan’s paper where he stated, I 
believe, that the positive electrons were not found alone; but 
this is the one exception. If one of these hydrogen atoms en- 
counters a disturbing influence, such as an electrie field power- 
ful enough to detach an electron, the electron becomes free and 
there is left the single proton. 

Proceeding in the direction of complexity of structure, we 
could discuss the helium atom which has two electrons attached 
to a nucleus that appears to have four protons. 

When one or more of these electrons or negative particles 
is taken away from an atom, the remainder behaves in such a 
way as to indicate that it has a positive charge, and is known as 
a positive ion. Thus atoms become ions when they have a 
deficiency or excess of electrons. 

I see no reason why protons as defined cannot exist in a 
free state in a hydrogen are, but it is, of course, true that com- 
pared to the number of times one can find free electrons, such 
an occurrence is very limited. 

I had planned to question the statement that “under all or- 
dinary conditions approaching quiescence, free electrons adhere 
to atoms, otherwise neutral.’’ But now, although a number of 
physicists think they are free, I am inclined to think that we 
shall get into less trouble if we take Professor Ryan’s statement 
that these electrons are likely to attach themselves to neutral 
atoms, making them negative ions. 

Something is said about electron travel. In regard to that, 
when we measure an electric current as so many amperes we 
are measuring the sum of the positive and negative ions passing 
through the ammeter. 

I should like to suggest that perhaps as engineers we would 
clear up Professor Ryan’s statements as to the movement of 
electrons by saying that the electrons or ions may be moved 
mechanically, electrically or magnetically; that is, you can move 
them by mechanical means by placing them in what we call 
electrostatic field, or in a magnetic field. I know that is exactly 
what Professor Ryan intends to say, but I think it would be 
better to say magnetically rather than electromagnetically. 
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‘On the second page Professor Ryan has divided conduction 
into three groups. I think we should add something to these. An 
electric current made up of these ions or electrons will also 
travel through a vacuum, and I do not believe that this has been 
included in these three sections. Also, I am not quite sure 
that these three groups as listed show conduction through an 
are. 

To the paragraph at the top of the second column on the 
second page I am inclined to add the idea that every atom has 
electrons; therefore, how can one have a fluid which does not 
have atoms and hence does not have electrons? Correspondingly 
how would it be an insulator under Professor Ryan’s definition? 

Considering practical engineering application, I am one of 
the many who have a feeling that air, pure and unadulterated, 
if not a nearly perfect insulator, is at least a pretty good one and 
one which will serve us for a long time. In the final analysis, 
all our transmission lines are air-insulated, the porcelain bead 
chains with which we decorate our transmission towers being, 
after all, only decorative suspenders which serve to keep the 
lines from falling. The insulator is the air. 

I think the reason Professor Ryan and I differ in this is be- 
cause he says a thing is not a thing unless it is at least 99.44 
per cent pure. Air, then, is an insulator just as oil is an insula- 
tor. If we introduce into the air, free electrons or ions, the 
air as an insulator becomes defective in exact proportion to 
the amount of impurity introduced. In undertaking our engi- 
neering problems we eall oilan insulator. It never is a perfect 
one and it ceases to be an insulator at all if moisture is added to 
it, its value as an insulator decreasing in proportion to the 
amount of water added. 

I might also add that in the sense which Professor Ryan has 
spoken of an insulator, a vacuum is not an insulator. Current 
ean and will go through it. To my way of thinking, a high 
vacuum is an insulator, but it is not a perfect insulator; there- 
fore, Professor Ryan ‘says it is not an insulator. 

When two conductors are brought very close together, a 
potential of 1,000,000 volts. per em. or even greater potentials 
_ may be required to break down the gap. Also, cold electrodes 
in high vaeuum require potential gradients of this magnitude 
as ionizing potentials, but charged electric conductors in air 
at sea level and separated practical distances will are over one 
to the other if the potential gradient in the air between them 
is 30,000 volts per em. E 

However, on this point I must assure you that though we 


are using different words, Professor Ryan and I understand - 


each other thoroughly in this matter, and in conduetirig experi- 
ments involving these things, we would use in many cases the 
same strategy and anticipate the same results. 

C. E. Magnusson: There is one factor—in fact a vital 
factor in the electron theory—the physical characteristics of 
which are seldom discussed while the attention is focused on 
the several forms of mass units involved. I refer to the electric 
charge. What is the innate nature of positive and negative 
charges, which take possession of, or are possessed by, electrons, 
ions, protons, corpuscles, or by whatever name the mass units 
may be designated? How ean the charge, if located on or 
attached to an electron or other mass unit of definite size, pro- 
duce action at a distance or be attracted or repelled by other 
charges attached to far away mass units? What is back of 
Faraday’s lines or tubes of force? May I ask Professor Ryan 
to give us his concept of the electric charge? 

C. L. Fortescue: I think one of the reasons why electrical 
engineers have difficulty in following and applying the electron 
theories is because. it is the first time they have come up against 
the subject of statistical mechanies, a subject with which physi- 
cists have become very familiar in their study of the dynamic 
theory of gases. 

Now many laws of physics, dynamics, and physical chemistry 
were found before the kinetic theory of gases was well established, 
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and these laws prove to be true under practical conditions 

Electrical engineers have been accustomed to think of air 
as an insulator which breaks down, under ordinary conditions, 
at about 30,000 volts per em. This, of course, is a very con- 
venient way of looking at it, but we know by the electron theory 
that this isn’t at all true except under certain specific conditions. 

The electron theorists tell us that the air will break down 
at any point where the rate of ionization and the rate of reecom- 
bination are equal. I believe the rate of recombination de- 
pends upon the mobility and the rate of ionization depends upon 
the density of the air and also upon the total value of applied 
potential or the difference of potential between electrodes; but 
we have two quantities there that have to be taken into account. 
As a consequence we find for a very small separation, as Mr. 
Sorensen points out, a breakdown strength of the order of 
1,000,000 volts per em. In a larger space the breakdown 
strength of the air becomes less and less. .In the ordinary 
spaces the engineer uses, we find it averages around 30,000 
volts per em. 

In Professor Ryan’s paper, I was a little disappointed when 
I read his remarks about the three sorts of insulators. Un- 
fortunately we are likely to generalize and think of these things 
practically as hindering our methods of insulation. For in- 
stance, Professor Ryan makes his statement in such a way that 
one would think, reading it superficially, that barriers were 
absolutely indispensable in connection with all insulators. We 
know by actual experience if proper care is taken to prevent 
the formation of corona, or, putting it in terms of the electron 
theory, when local ionization is avoided, we can use air without 
applying barriers, and the strength of the air will follow the 
avarage law which I have mentioned, breakdown taking place 
at about 30,000 volts per em. 

Certain conditions occur when the bounding surface between 
solid dielectric and air apparently does not follow the law of 
breakdown in air. I think these discrepancies have been attrib- 
uted to the effect of the absorption of gases or moisture on the 
surface, but if you have a perfectly clean surface of proper 
conformation, the path. along the surface will have the same 
breakdown strength as the air has. 

I should like to ask Professor Ryan to clear up this difficulty 
in the interpretation of this paper. We are sure as engineers 
that the air is still a medium for insulation. 

F. G. Baum: For many years (since 1911) Dr. Ryan has 
exhorted us to study the electron. I am here as a missionary 
today to try to help show the importance of studying the electron. 
For many years the subject of electrostatics has been taught in 
schools. In my opinion, there is no such subject as electro- 


_ staties except as you get down to an extreme vacuum where 


you have no ions injected into the vacuum; otherwise you have 
“electron mechanics,’ and I believe in a very short time you 
will find that our textbooks will be rewritten and the term 
“electrostatics” practically eliminated. It is wrong and we 
must get another proper term and realize that we are dealing 
with objects moving at very high speed and causing entirely 
different conditions from those which we thought true when we 
studied electrostatics. 

Ordinarily, we take two bodies and draw lines between and 
say that is an electrostatic field. It is an electrostatic field 
only because electrons are moving from one of those bodies to 
the other; and our higher voltage insulation problem is de- 
pendent on a knowledge of handling this electron flow. 


H. J. Ryan: Replying to Professor Sorensen: I can ac- 
cept, if necessary, the use of proton in lieu of positive electron 
as proposed by some physicists. It is simply a choice of terms. 
Personally, however, I like Doctor Millikan’s use of positive 
electron to emphasize the fact that all matter is substantially 
made up of cathode and anode particles. As implied, it is true 
that experimental facilities are as yet more abundant or con- 
venient for the liberation of cathode particles than for anode 
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particles. These cathode and anode particles surely are twins 
of just the character referred to. They carry elemental charges 
equal in amount and opposite in sign. The positive electron 
or proton is much smaller in diameter and has a correspondingly 
greater mass than the negative electron. The same elementary 
electric field or charge centers in the electron whether positive 
or negative,—the one and only known difference being that 
of direction or polarity. I do not feel that the use of the term 
“‘proton’’ is adapted to the presentation of these facts as well as 
the term ‘‘positive electron.’”’ It is helpful to have been re- 
minded of the stripped hydrogen atom which ean be produced 
and which must behave as an isolated positive electron, proton, 
or anode particle as we.may variously call it. 


I quite agree with the idea put forth in regard to the move- 
ment of ions and electrons mechanically, electrically or magnet- 
ically. However, it should be remembered that they may 
be moved also by any combination of these agencies. For 
example, ions in the air that is blown along between the poles 
of a magnet and between metal plates maintained at a difference 
of potential will be moved mechanically, magnetically, and 
electrically. It may be that it is not helpful to compound these 
terms and say that the ions were moved electromagneto- 
mechanically. I am quite agreed to say that they were 
moved electrically, magnetically, and mechanically. 


I am glad to accept vacuum for a place in the list of electrical 
conductors. I had left it out originally because in the first 
place a vacuum is not anything, anyway in the ordinary sense, 
and therefore can not assist or hinder the migration of ions or 
electrons; in the second place, as Mr. Wood brought out in the 
talk referred to, as soon as ions or electrons. are admitted to the 
vacuum it may in a sense be thought of as having ceased to be 
a vacuum. 


I can see no difficulty with the statement ‘‘No fluid of any 
sort pervaded with a supply of ions or electrons can properly 
be regarded as an insulator. Correspondingly, every fluid in 
which ions and electrons are absent must function as an insula- 
tor.”” Of course, each molecule of neutral transformer oil is 
made up of complete or neutral atoms that in turn are made up 
each of an equal number of positive and negative electrons 
bound together, forming neutral aggregates. Such oil is not a 
supply of ions and will not conduct under an impressed elec- 
tromotive force of moderate value. If, however, the oil con- 
tains impure water in suspension it is pervaded with a supply of 
ions and will conduct. 


I cordially admit the powerful revulsion of feeling that must 
come to one when first confronted by the fact that it is the wall 
of the metallic conductor when immersed in air that is really the 
insulator and not the air. Take away the air, as one may do in 
a vacuum, and the conductor will be insulated just. as well: as 
before. This is the fact that made me,doubt the wisdem of 
putting ‘‘vacuum”’ in the list of conductors. It does not really 
matter, though, as long as we can agree as to the circumstances 
in whieh it does or does not conduct. Years ago, when the 
idea prevailed in my own mind that air is one of our best insula- 
tors, with dielectric strength greatly enhanced by compression, 
I undertook to provide a powerful] dielectric by means of air 
compressed to 1500 lb. per sq. in. I was greatly perplexed by 
the results because I was wholly unaware of the fact that air 
will permit ions to pass through it freely if one will but provide a 
source thereof, such for example as a hot carbon electrode. We 
did not know then, as we know now, that in all ordinary circum- 
stances electrons cannot escape from the wall of a conductor 
which is the basie reason why we were made to believe that the 
air was the real insulator. Furthermore, we did not know then, 
as we do now, that at extraordinarily high electric intensities 
at the surface of an electrode conductor (1,000 kv. per em. 
approximately) electrons or ions will escape from the wall of 
the conductor and be driven freely through the air to the opposing 
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electrode where they will be-discharged. With a knowledge of 
these facts twenty years ago we would not have been perplexed 
by the anomalous behavior of air as an insulator when put to a 
real test. ; 

I cannot agree that it is a matter of degree to be covered 
by such a.small item as the-departure of 99.44 from 100. It 
is not a question of purity or impurity any more than it is in the 
ease of water. Water will conduct as long as it has ions sus- 
pended in it. Being a fluid it ceases to conduct only when the 
supply of ions has been eliminated. And this will cover also 
the reference to oil. 


Doctor Magnusson asks the question ‘‘What is the innate 
nature’of positive and negative charges which take possession of 
or are possessed by electrons, ions, protons, corpuscles, or by 
whatever name the mass-units may be designated?” This 
question and the form in which it is put are helpful even if one 
has not a ghost of an answer. I ean only discuss this quesiion; 
I cannot begin to answer it. I can only offer what appears to 
me to be a reasonable conjecture in regard to the perhaps most 
important attribute of the electron. This is that all electric 
fields are made up of unit-fragments alike in constitution. 
Each field fragment terminates on an electron from which it 
extends radially and expands uniformly, and so far as we know, 
indefinitely. These field fragments are the same, whether posi- 
tive or negative, differing only in polarity and in radius of the 
electron surface at which the field terminates, being much smaller 
for the positive electron which must, therefore, have acorrespond- 
ingly greater mass, the measure of the energy that was used 
in the extra concentration of the field. Whatever else they 
may be, electrons are surely these field fragments. All greater 
electric fields are merely aggregations of these unit-field frag- 
ments. The electric intensity through any field volume is the 
vector sum of the radial field fragments attached to the electrons 
that constitute the charges to which the field is attached. Max- 
well understood the composition and resolution of electric 
fields and taught us to locate ‘‘tubes’’ of electric foree by draw- 
ing diagonals through the parallelograms that are formed by 
the radial lines which represent the electric fields that extend 
uniformly in all directions from charges located at a point. It 
is the vector composition of superimposed fields terminating 
upon the positive and negative electrons that forms the ‘‘tubes 
of force’”’ of an electric field. It is in the presentation of these 
facts that I find the term positive electron more helpful than 
proton. 


It is also helpful to have Mr. Fortescue emphasize the im- 
portance of statistical mechanics. I trust that all who are in- 
terested in the new knowledge will read thoughtfully what he 
has said. He also refers to the extremely short space that must 
exist between metal electrode faces before electrons will leave 
them.and the vacuum, or gas-filled space between them, will be- 
come conductive. If the fact is allowed to stand in that light 
I fear we shall.give our more general audience the impression 
that this action is the result mainly due to the close proximity 
of the metal electrode-faces. In fact it cannot primarily be 
due to the nearness of such faces as Hayden and Steinmetz 
have shown in their A. I. E. E. paper on the dielectric strength 
of the vacuum.2 The preparation of my paper was only possible 
by the use of old terms with new or modified meanings. I had 
to count, therefore, upon precisely such disappointment. as 
that of Mr. Fortescue because I have referred to air asa con- 
ductor instead of as an insulator. I have no thought of pro- 
posing that we stop calling air an insulator. What I do want to 
see established is a better understanding as to how it can be 
made to conduct abundantly. With that, and with more 
of a background in the subject which will come with experience, 
the choice of terms with no doubts on important difference, will 
be readily accomplished. I am a hearty advocate of the high 
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value of the Fortescue principle wherein air insulation barriers of 
powerful solid dielectrics are applied, having boundaries co- 
incident with those of the tubes of electric force in the air adja- 
cent. Such barriers displace the air in regions of dense electric 
fields that would otherwise ionize and afford prolific conduction. 
We do not differ as to the facts and in the end we shall have put 
new meaning into old terms or adopted new terms by which all 
who use them will apply helpfully the new knowledge of these 
things. 

Mr. Baum has declared rightly that electrostatics are hope- 
lessly inadequate for understanding and for effective control 
of electrical states and actions. This I know to be the case 


MAGNUSSON: ENGINEERING RESEARCH 


1031 


even though we cannot agree as to facts when he says that a 
quiescent electric field between two charged bodies is such ‘‘be- 
cause electrons are moving from one of these bodies to the other.’’ 
Of course, this brings us face to face with the age-long problem of 
“action at a distance’”’ and my question to myself is: ‘Has Mr. 
Baum made some progress toward the definition and solution 
of that problem?”’ Most of us have not,—we face a high wall and 
eannot see what is beyond. To me the static electric field be- 
tween two bodies is the composition of the two field aggregates 
of opposing polarity that terminate on the corresponding free 
positive and negative electrons that are bound to the surfaces 
of such bodies. 


Engineering Research—An Essential Factor in 


tngineering Education 
BY C. EDWARD MAGNUSSON: 


Fellow, A. I. E. E. 


T may seem trite to assert the interdependence of 

| engineering research and engineering education, and 
no doubt most workers in the vineyard would consider 
the title of this paper as axiomatic,—the statement of a 
self-evident fact. In theory the great majority of the 
members of our engineering faculties, as well as prac- 
tising engineers, who have given time and thought to the 
training of young men for the engineering profession, 
readily subscribe to statements emphasizing the 
importance of research as a factor in engineering edu- 
cation; but 7” practise—well, ‘“‘the spirit is willing but 
- the flesh is weak.” 

In the majority of our engineering colleges and tech- 
nical schools very little if any research is in progress, 
and even in our leading institutions comparatively few 
members of the teaching staffs are actively engaged in 
worth-while investigations. 
is an attribute of individual members of the faculties 
and not of. our engineering colleges as institutions. 
Professors who have gained recognition as investigators 
are looked upon as ornaments, and not as the bone and 
marrow of the university. Research remains a side 
issue, something very desirable and highly creditable 
to our technologic institutions, but not to be taken 
seriously as an essential factor in the training of en- 
gineering students. 

The rapidly increasing importance of engineering 
research in the industries stands in striking contrast to 
the apathetic condition that exists in many of our edu- 
cational institutions. 
the research departments have gained in recent years 
prestige and influence far beyond the fondest dreams of 
the pioneering investigators of thirty or forty years ago. 
The development of new ideas is by now an integral, 
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As yet the research spirit | 


In large manufacturing concerns 


and, in many cases, a vital part of industrial organiza- 
tions. Research engineers are continually transforming 
new ideas into effective weapons of offense and defense 
in present day industrial warfare. The research de- 
partments provide the means for gaining new markets, 
and form the bulwarks of defense against competition 
in established fields. That industrial research will 
continue to expand is certain, as the work rests on a 
sound economic basis. Properly conducted research 
not only pays well—in fact brings large returns on the 
investment—but is a basic necessity in order to enable 
industrial organizations to live and prosper. 

While, in the main, the expansion of research in the 
industries has had a salutary effect on our engineering 
colleges, still it has developed conditions adverse to the 
effective training of engineering students. Industrial 
research has emphasized the importance of giving stu- 
dents clear concepts of well established fundamental 
principles and created a new and highly attractive 
professional field, thus providing the studious, scientific- 
ally inclined, engineering student with a better apprecia- 
tion of fundamental physical laws and a definite goal 
for his ambition—-to become a research engineer. 

Of adverse factors two are of special significance: 

1. The type of mind required for becoming a suc- 
cessful research engineer is essentially the same as for 
gaining prominence as a professor in some field of 
engineering. As industrial concerns are able to pay 
larger salaries than educational institutions, and what is 
often of greater importance, can provide better facilities 
for carrying on investigations, the teaching staffs are 
being robbed of their best men, and, to a large extent, 
have been cut off from the supply of desirable recruits. 
This factor affects not merely the faculties of engineer- 
ing departments but likewise those of physics and 
chemistry. Unless this movement can be checked and 
emoluments of professors be made as good or better 
than those given to research engineers, the results will 
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soon prove disastrous to technologic training. For, in 
order to have a first class college of engineering, there 
must be first class men on the faculty. 

2. Even under present conditions, the amount of 
research accomplished by industrial concerns is over- 
whelmingly greater than what is done in the universities 
and professional schools. With industrial research 
staffs having several thousand members—as, for 
example, the recently organized Bell Telephone Labora- 
tories—and with adequate facilities at their disposal, 
is there any wonder that the research output of a college 
faculty, with its members giving practically all their 
time and effort to teaching, should be very small in 
comparison? The contents of our scientific and tech- 
nical journals and the proceedings and transactions of 
our scientific and technical societies give evidence of the 
increasing preponderance of papers from industrial 
research departments, with a corresponding relative 
decrease in contributions from educational institutions. 
To those who are familiar with existing conditions for 
conducting research in our colleges of engineering and 
institutes of technology, as compared with the facilities 
provided by research departments of many industrial 
concerns, the wonder is. not how little, but how sur- 
prisingly much, the professors actually accomplish. 

Still the distressing fact remains that the relative 
importance of our institutions of learning as centers of 
research is rapidly decreasing, a situation that should 
be given serious consideration, not only by faculty 
members. of our engineering colleges and technical 
schools, but likewise by all progressive engineers and 
captains of industry. It is, by now, quite generally 
recognized that during his four years in college, the 
main purpose of the prospective engineer is to acquire 
a mastery of engineering fundamentals and a working 
knowledge of mathematics and English, while com- 
paratively little importance is attached to the gathering 
of detailed information on current practise. (In 
paranthesis it may be noted that while engineers and 
educators are generally agreed that the major part of 
the student’s time and effort should be given to engineer- 
ing fundamentals, there are apparently widely divergent 
views as to what the term implies. For the purpose of 
this paper let it be assumed that by engineering funda- 
mentals is understood the basic physical laws with and 
under which the practising engineer works, lives, and 
has his being.) The student in college should gain a 
deep and full realization of the far reaching importance 
of the principle of the conservation of energy, New- 
ton’s, Joules’, Ohm’s and Kirchoff’s laws, and similar 
established basic physical relations, and acquire the 
ability to apply them correctly to quantitative engineering 
problems. 

In order to give the student a clear insight into the 
basic laws of engineering and their application to 
quantitative problems with that perspective of coming 
events, so tersely expressed by Mr. B. G. Lamme, “it 
should be remembered that much of what these young men 
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will work with has not yet been discovered’”’ and requires 
teachers who are continuously applying basic principles 
in their own search for new truths. The title “research 
professor,’’ which, in the last few years, has made its 
appearance in several university catalogues and bulle- 
tins, indicates an unfortunate tendency. It gives 
official recognition to a separation of the teachers from 
the investigators—and thereby erects a new barrier 
between the students and the progressive thinkers on 
the teaching staffs. It would be better both for the 
students and institutions if successful research could be 
made a requirement for all members of the faculty, and 
that in rating our engineering colleges and technical 
schools, more emphasis could be placed on the quality 
and number of engineering bulletins and scientific 
papers published than on the number of students or 
available laboratory equipment and size of buildings. 
There can be no question that much more research must 
be done in our engineering colleges than obtains at 
present. Attempting to solve new problems is the best 
means for developing initiative and the ability to 
think. 

If it be admitted that research surroundings are essen- 
tial to the proper training of engineering students, and 
that present conditions in most engineering and tech- 
nical schools make worthwhile investigations well nigh 
impossible, it is evident that the question of improving 
existing conditions must be given serious consideration. 

Of course most of the difficulties that beset our en- 
gineering colleges would be eliminated if adequate funds 
were available for research facilities and pay for staff 
members comparable to those provided by industrial 
organizations; but there is little hope for general relief 
in this direction, as the number of students seeking 
training is, in most institutions, increasing at a greater 
rate than the material wherewithal. As amore likely 
method for bringing engineering students in touch with 
worthwhile investigations, the author would stress the 
importance of a closer and more extensive cooperation 
between the research divisions of industrial organiza- 
tions and educational institutions.. The following sug- 
gestions are submitted: . 

1. Industrial organizations should establish numer- 
ous research fellowships in engineering colleges, not as 
gratuities but as necessary investments against their 
own future need of properly trained additions to their 
staffs. 

2. Cooperative work between research departments of 
industrial organizations and educational institutions 
should be greatly increased. 

3. Some form of bonus system should be established 
by which engineering colleges would receive financial 
returns from industrial organizations for having dis- 
covered and trained exceptionally successful engineers. 

4. Let educational institutions take out patents on 
new ideas of commercial value originated by faculty 
members; that is, expand and make effective the plan 
recently adopted by Columbia University. 
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5. Establish research foundations as integral parts 
of engineering colleges. 

6. Leta larger share of the normal income of educa- 
tional institutions be expended on investigational work. 
This would be in accord with the policy adopted by 
industrial organizations. Twenty or thirty years ago 
the budgets for research were insignificant in most of 
our industrial organizations, while today the research 
divisions in several manufacturing and operating 
companies expend millions of dollars annually. 

7. There should be instituted an exchange of en- 
gineers between engineering faculties and engineering 
staffs of manufacturing companies and other industrial 
organizations; the plan might be somewhat similar to 
the exchange of professors between European and 
American universities. If a man for man exchange 
could not be effected, let the manufacturing companies 
donate the services (Sabbatical year) of some of their 
engineers, who would devote all of their time in selected 
engineering schools during a full academic year. 

To properly train engineers is an expensive process. 
To obtain satisfactory results our engineering colleges 
must be provided with much greater financial support 
in the future than has been the case in the past. If the 
service rendered by our engineering colleges is of value 
to industrial development, let organized industries as- 
sist in providing adequate means so that the work may 
be well done. 

If the basic necessity for research on a scale larger 
than hitherto exercised in our engineering colleges and 
technical schools is fully understood and appreciated, 
_ means and methods for improving existing conditions 
will no doubt be forthcoming. 


Discussion 


L. N. Robinson: Professor Magnusson emphasizes the point 
that engineering courses should teach students to think if 
nothing more. If that isso, why do not engineering curriculums, 
in general, include courses in the mental sciences, particularly 
logie and allied subjects? However, it is not my present pur- 
pose to argue for or against the inclusion of any particular 
subject in the curriculums. What should be pointed out is that 
present conditions indicate a general lack of scientific treatment 
in the design of engineering curriculums as well as in their 
application. 

We insist that scientific methods should be employed in 
designing engineering structures. Engineering students have an 
equal right to insist that scientific methods be employed in 
designing the curriculums of engineering schools. 

When electric generating stations are designed by the same 
methods that are employed in laying out many engineering 
school courses, hybrid plants are produced in about the same 
proportion as our engineering schools turn out bond and auto- 
mobile salesmen. 

In designing an engineering structure, it is customary to 
decide first what is to be designed,—whether it shall be a bridge, 
an office building, a locomotive or something else. Next we 
determine which parts shall be of steel, which of copper, etc., 
then we prescribe methods of fabrication and assembly. In 
other words, every step from the inception of the enterprise to 
the finished product is worked out with utmost scientific care. 
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Is this method followed in designing engineering curriculums 
and in training engineers? Before it can be said that engineer- 
ing courses, themselves, are scientifically designed, we should at 
least first determine what the product of-an engineering course 
should be. Then the elements that should constitute the course 
can readily be determined, with equal care to deciding how the 
courses shall be conducted. 

Last June at a commencement the chancellor of a university 
said that the world is full of people who know all about education 
except what it is for. This is a challenge to the engineering 
fraternity and to the engineering schools in particular; it 
demands a scientifically sound justification for our college courses 
and especially for our engineering courses. And, since we 
profess to be scientific in our engineering work, we should be 
better able than the humanists to answer the challenge. In 
doing so, however, we must be especially careful not to mistake 


consensus of opinion for sound scientific truth else we shall class” 


ourselves with those who scoffed at Christopher Columbus 
because his views differed from generally accepted notions. 

J.C. Clark: It seems to me that Professor Magnusson has 
lost a grand opportunity in his paper to bring out one of the 
main reasons why we should have research in engineering 
colleges. He has stressed the value of the educational aspect of 
research almost exclusively, and has pointed out that it nearly 
goes without saying that research has an indispensable part in 
technical education. Professor Sorensen also emphasized very 
strongly the educational value of research in the colleges. In 
other words, it is for the good of the colleges and the students that 
research is carried on in the colleges. 

I believe that it ought to be pointed out by Professor Magnus- 
son that the industry needs engineering research in the colleges 
as much, if not more, than do the colleges. As Professor Mag- 
nusson has so emphatically stated, it is true that the large 
corporations of today have millions to spend in research. They 
have large and well trained staffs to carry on industrial research, 
and they earry it on successfully and efficiently. On the other 
hand a great many of the smaller concerns have very meager 
appropriations with which to work and carry on research. 

It follows that most of us very much need to have a place to 
have scientific facts revealed. Not only is this true in the 
smaller manufacturing industries, but it is even more vital for 
the public to have these independent public laboratories of 
research which the colleges and universities can so well maintain. 
It really is not so much the amount of work done that matters, 
as it is the unbiased check that such laboratories can give upon 
the results that are revealed and published by the larger 
corporations. 

We do not charge that the large corporations color what they 
print about their laboratory results, but it is human and almost 
inevitable that they show the best side of what they find out, 
and somewhat neglect the unfavorable aspects of those things 
they are trying to promote. 

By doing a very little work sometimes with small funds, the 
smaller college laboratories can aid industry and the social 
body a great deal. The exact amount of money at their disposal 
is not of prime importance although it is true that they need a 
vastly greater support than they now have. 

The professor who has one thousand dollars a year to spend 
for all his equipment, including its repair, and maintenance, is so 
handicapped that he ean surely do but little with the energy 
that he puts into the work. 


I should endorse what Professor Magnusson said: Industrial 
establishments of any size that do no research have “‘signed up 
However, industrial research in smaller estab- 
lishments may not be carried on because they have not the 
facilities, and thus they have to depend upon the colleges. 

I find much in Professor Sorensen’s paper which is of interest. 
Professor Sorensen starts out with an assumption which surely 
needs no argument,—that research and engineering are insepa- 
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rable. Research must be a part of engineering education. He 
takes the same attitude as Professor Magnusson does in pointing 
out the necessity for it from the standpoint of education. This 
is self-evident indeed. 

Professor Sorensen gives the time honored definition of 
engineering that I believe was given by Tredgold, the first 
President of the Institution of Civil Engineers in England; ‘‘The 
art of directing the great sources of power and nature for the use 
and convenience of man,’ ete., running through many, many 
words. It starts as a catalogue of the functions of engineers 
and thus its weakness is obvious. It can, of course, only begin 
to catalogue the functions of engineers, but I think that in this 
very definition, a part of the weakness of modern engineering 
education lies. Educators and engineers have been more or 
less hypnotized by such definitions of engineering, emphasis 
being placed entirely upon the technical aspect of engineering, 

. the scientific, and the big and glorious things to be done by 
engineers. 

I should substitute a very muth shorter definition for engi- 
neering. I define an engineer as one who directs the economic 
use of matter or energy. I should let it go at that because I 
believe that we have among us as great engineers who are 
directing the destinies of banks or steamship companies, from 
the standpoint of executive officers, as we have in any other 


capacity. In other words, technique should not be stressed 
exclusively in the work that is done in the colleges. There 
should be a little more emphasis placed on economics. There 


are very few colleges today that devote any great amount of 
time to the study of engineering economies. I do not see how 
it is possible to turn out men with a proper attitude toward 
engineering without giving them much study of the principles 
of engineering economies, not the old social economies, but the 
engineering student does need a very considerable amount of 
engineering economies if he ever becomes a true engineer. 

I wonder how much deleterious effect this long-drawn-out 
definition of Tredgold’s has had upon engineering education. 
Has it not hypnotized the profession somewhat into thinking 
too much about the imparting of information about technical 
things, perhaps information about the things that can best be 
learned by the man after he is out of college? 

In Professor Sorensen’s paper I found one thing with which 
I think many men in practical research would particularly take 
issue. That is the standpoint that the undergraduates’ thesis 
was wisely eliminated. Professor Sorensen says ‘‘it was there- 
fore wisely eliminated.”” The very next sentence takes the 
eurse off, ““But we should not forget that the thesis is symbolical 
of research—a function which must be the keystone of engineer- 
ing education if the engineer is to occupy the place for which he 
is ambitious.” 

I think that is certainly true. The thesis is needed to support 
the idea of research, to give some little practise in the methods of 
research, with the object of bringing out latent research talent 
in the student. 

Professor Sorensen reveals that he has some such idea in a 
latter part of his paper, since he speaks of the honor sections that 
are established at Pasadena where the better men are permitted 
some chance to help in advanced and special work, assisting 
research men. I think he has there revealed his true attitude 
toward the research that may be done by undergraduates. 


It seems to me that the practise of segregating the students 
into the ordinary and the extraordinary,—the latter class in- 
eluding these so-called honor men,—is one of the very best 
developments I have ever seen. I wonder if the real reason for 
eliminating the undergraduate thesis was not rather the diffi- 
culties that were encountered in lack of equipment or lack of 
time and energy for the administration of the theses than the 
lack of educational and developmental value in them? 


In the paper by Dean Pender and the one by Professor Soren- 
sen there are two quite distinet methods given for the selection 
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of engineering student material. Of the two, I think the one 
that is the more hopeful is the one that is being tried out in 
Pennsylvania. The statement that Harold Pender made is 
quite true; that a boy fresh from high school is usually just a 
boy,—and I think it does require the few years of college which 
are a part of the Pennsylvania plan to bring out the judgment of 
a student and too, to weed out the defective material found 
among students. It is not defective material except that it is 
unfit for engineering although possibly very fit for some other. 
perhaps higher, walk of life. At any rate, there is a great 
difference among students in their fitness for engineering. 


I am somewhat in doubt as to the real value of the physical 
examination in the Pasadena plan because we have in our elec- 
trical history so many able men who might have had difficulty 
in passing the Pasadena physical test. Is it not going to elimi- 
nate an occasional man who has great latent ability in analytical 
ways? 

H. V. Carpenter: This matter of engineering education is — 
one that we shall always talk about I suppose. The Society 
for the Promotion of Engineering Education is at the present 
time spending something like a hundred thousand dollars, and 
I don’t know how many dollars’ worth of time, in analyzing 
methods of engineering teaching. 


It seems to me that one of the most difficult problems we have 
before us in that study is this matter of research. You remember 
that some Roman ruler said, ‘‘All right, if we destroy the Greek 
statuary, we shall send some men out and have it replaced.” 
If we aren’t careful, we shall put our research work on that same 
mechanical basis. I believe that aresearch manis born. Maybe 
Dean Magnusson can make a research man, but I am afraid 
I eannot. I think it is more a matter with us of being able to 
discover the research man when he comes along in our classes, 
rather than being able to take an entire class of students and 
turning them all into first-class research thinkers. 


What we need to do is to teach these men to think, and 
research is only one of the better methods of teaching a man to 
think. A large share of these boys will never be research 
thinkers, but they will be very effective engineering thinkers in 
the ordinary sense of being able to go out and size up a job and 
put through the best design for it. They may not be research 
men, but they will be thoroughly useful men on straight engi- 
neering propositions. 


It is.our business to give the man who can do original thinking 
the inspiration to go ahead to develop his abilities in that line, 
and to give him a chance in the laboratory. Professor Sorensen’s 
scheme is a very good one; they have adopted a similar one at the 
Massachusetts Institute of Technology where the honor men are 
to be given a chance to do as much as they please. The smaller 
institutions have always done that to a considerable degree in an 
easier way, having a much simpler problem. 


Dropping the thesis was a good thing, I think. - I agree with 
Professor Sorensen on that as a requirement for every student, 
but for the student who shows interest, I think the thesis should 
be maintained, and carefully nursed along. We cannot expect 
revolutionary things from the senior, but perhaps if we start a 
real genius to thinking he may turn out a revolutionary piece 
of work in later years. 


L. J. Corbett: Doctor Magnussen describes the tendency 
to take research away from the colleges. I think we need not 
fear for that, as times are changing. As he states, the large 
companies are doing a great deal of research, but there is another 
factor; they also need men—and one of the ways to develop 
men is through this very research work. I believe this is being 
recognized by some of our large companies, as evidenced by the 
assistance which has been given recently, to both the California 
Institute of Technology and Leland Stanford, Jr., University, 
in the way of aid in the establishment of high-voltage laboratories. 
These, no doubt, will give a good account of themselves in con- 
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tributions to engineering research, and some students will recivee 
valuable training in this field. 

From Mr. Sorensen’s paper I note that they are omitting the 
engineering thesis at the institution he represents However, 
from the discussion which took place, I see that there is still some 
opportunity given for the honor men to investigate along the 
lines of their special inclinations, thus recognizing work on such 
theses. 

To return to Doctor Magnusson’s paper, we must recognize 
the tendeney of the companies of today to require specialization 
in theirmen. This, I think, has been the inference in the advice 
which has often been given to engineering colleges to have actual 
departments of research where some men of the staff could go 
ahead and do research only, without the change in mental 
attitude which is necessary when a man does some research and 
also teaches a group of undergraduates, old, well-known material. 

I think the work of the teacher, as Professor Carpenter has 
stated, is inspirational. I think that if you can inspiré‘astudent 
to make the best use of his faculties, and not to consider his edu- 
cation complete when he has his degree, but to go ahead ,with 
his studies and research—you will do a greater work than 
merely filling him with information and making an encyclopedia 
of him. I think this quality is particularly exemplified in the 
man we have with us in the person of Professor Ryan. I be ieve 
that all his students will vouch for the inspirational quality of 
his work. 

There is one feature in Dr. Pender’s paper that struck a dis- 
cordant note. In one of his conelusions there is the statement 
that the student should recognize that engineering is a profes- 
sion, and notajob. That is all very well for us to recognize, but 


I think we should not emphasize it too strongly to the under- . 


graduate student, because it is due to such thoughts that we have 
men who are reluctant to don overalls after getting their degrees. 
I think a man would get farther in the engineering profession if 
he were willing to don overalls for a time after his graduation 
and learn the rudiments of practical work. 

J.S. Bates: I once heard an engineer defined as a man who 
is skilled in the use of the word “approximately.’’ There is 
’ really a great deal in that because no matter to how many 
decimal places we carry our calculations, there is always one 
more; one or a vast multitude makes no difference. For that 
reason we should say a very important part of an engineer’s 
education is to determine what percentage of error is to be allowed. 

G. S. Smith: In the University of Washington we still have 


the thesis work scheduled as an elective but it. has been virtually 


discarded, since it is seldom chosen by the student. However, 
I believe we have found other ways more effeetive in obtaining 
the results aimed for in the usual thesis work. 


Several of our courses scheduled for upper classmen and 
graduates, are presented in such a manner that each student, or 
more often a group of two or three students, selects or is assigned 
some individual problem to be worked out completely. These 
problems are usually of such a nature that they require a con- 
siderable amount of thought, reference work, or experimental 
work, and thus arouse in the student any latent inclinations to- 
ward research work. 

As an example I should like to mention a course to which we 
have paid a good deal of attention in our institution; that of 
electrical transients as a prescribed course of undergraduate 
study. In the laboratory part of this course a certain number of 
topics are assigned to the student for which he must obtain 
representative oscillograms. This is the more or less routine or 
practise part of the course. To satisfy the remainder of the 
requirements, the student must select some problem or topic, 
acceptable to the instructor, to be investigated by the taking of 
oscillograms. This problem must be one which has not been 
previously chosen by other students who have taken the course. 
Thus their work is, to a certain extent, original. 

The response on the students’ part is usually more than grati- 
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fying. They not only put more energy and thought into this 
part of the work than in the routine portion, but they also show a 
strong tendency to attack it from the investigational point of 
view; that is, they try to find the best method of attack, try to 
determine the results they expect, and then attempt to verify 
them experimentally, watching all the while for unexpected 
results. At times, of course, they make complete failures, but 
more often they are very successful. 

H. H. Henline (communicated after. adjournment): I wish 
to-emphasize the importance-of full and frank discussion of the 
problems of engineering education by members of engineering 
faculties as well as by executives in industry. These authors 
have pointed out some very serious defects which are found in 
many curriculums. : 

Most of the engineering curriculums now in effect were 
planned twenty or more years ago, and changes made since have 
not altered in any essential details the general plans followed 
originally. Therefore, we find that most of the curriculums 
furnish excellent preparation for certain types of work which 
some of the graduates enter. However, this number seems small 
when compared with the total. On account of the extremely 
rapid progress which has been made in many branches of engi- 
neering during the past few years, we find ourselves living in a 
period when the applications of engineering knowledge are so 
many and diversified in character that any curriculum designed 
to meet directly certain needs in industry may indeed prepare 
men in a most excellent manner for those needs, but it fails 
utterly to prepare them for the great range of engineering prob- 
lems, both executive and technical, which all graduates will be 
called upon to solve. 

There is a strong and growing tendency to choose executives 
from the men with engineering training, since the problems which 
executives in industry must meet are becoming so complex and so 
closely allied with fundamentals of engineering that great 
dependence must be placed on the judgment of engineers in 
order to reach the correct solution. Obviously the schools 
cannot train men directly for executive positions, since qualifi- 
cations for such positions depend greatly upon inherent character- 
istics, and any amount of training would not make capable 
executives of men who do not possess the necessary character- 
istics. However, if we wish the engineering graduates who do 
possess such characteristics to have opportunity to enter the 
management side of engineering, we must, give them the broad, 
general foundation so absolutely essential. 

One of the most noticeable features in the large amount of 
discussion of curriculums occurring in recent years is the fact that 
many of our largest employers of technical graduates now wish 
to seeure men who have had a broad training in general subjects 


‘and the fundamentals of engineering rather than men who have 


specialized in a particular branch of engineering. Thus -we 
find that the old situation in which teachers wanted to adhere to 
fundamentals, and many executives in industry advocated cer- 


‘tain. specialized courses; is rapidly reversing. Now we find the 


leaders in industry not only frowning upon specialized courses, 
but even considering many courses as too highly specialized 
which are given with the excuse that they are necessary from 
the standpoint of fundamentals. ; 


In the planning of an engineering curriculum, certain decisions 
must be made as to the types of activity for which it should 
prepare men. In the present stage of development it seems 
necessary to recognize the needs of two distinet groups of 
students. Those who expect to spend their lives in highly 
technical design or research must have a more extended technical 
preparation than those who will be engaged in commercial or 
industrial phases of engineering. Both groups need a broad 
foundation on such subjects as English, economies, biology, 
geology, history, business law, ete., and a thorough training in 
chemistry, physics, mathematics, mechanics and other subjects 
which make up the heart of engineering. Such training should 
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be mixed with, and followed by, courses giving the fundamentals 
of all of the principal branches of engineering, and there should 
be a reasonable amount of time available for elective subjects. 
Thus far there is no serious difference between the wishes of 
executives in industry and teachers of engineering. It, therefore, 
seems that the chief cause of argument is the relatively small 
group of men who will engage in researeh and other highly 
technical phases of engineering. This group must have better 
opportunities for the development of research ability and special- 
ized study than can be provided in any four-year course which 
makes necessary the provisions for training in the fundamentals. 
It seems that the best solution of the problem may be a four- 
year course following the general outline mentioned above and 
leading to some such degree as Bachelor of Arts or Bachelor of 
Science in Engineering. This curriculum should be so planned 
that students may have good opportunity to develop powers 
of initiative and judgment to the maximum extent, and 
to determine the kind of intellectual effort for which they 
are best qualified. In order that they may see how they ‘can 
best fit into that field, it should give them a broad outlook and an 
excellent perspective of the whole engineering field. Graduates 
of such a curriculum would be prepared for commercial pursuits 
and for many types of technical work in which employers prefer 
that specialization be deferred until after the entry into industry. 
It is believed that they would advance more rapidly in either 
commercial or technical employment than if they had graduated 
from the narrower four-year engineering curriculum. 
For those who wish to prepare for research and other highly 
technical branches of engineering, there should be provided 
pportunities for two years of graduate study. Having com- 


pleted the liberal four-year curriculum, they would have’ the ° 


broad foundation which should precede advanced study. The 
graduate curriculum should be planned with the idea of develop- 
ing ability in research and permitting specialization in analytical 
studies, design, or other branches of engineering. Since the 
number of students in the graduate classes would be relatively 
small, the effectiveness of the training would be maximum. The 
progress would be much better than could possibly be made in 
the same work with undergraduate classes containing many 
students not really qualified for or genuinely interested in such 
subjects. 


{ believe this combination of four years’ liberal curriculum 
for all, and two-year graduate curriculum for those who are 
properly endowed for and desire it, would result in producing 
men better qualified to take their proper places in the world 
than are those who complete most of the present-day curriculum. 


All engineering students should realize that it is impossible 
to escape passing through an apprenticeship period of some sort. 
A university curriculum cannot possibly replace the apprentice- 
ship period except in the cases of the comparatively small 
nurnber of persons who are preparing for research and highly 
technical progress. Therefore, it is extremely important that 
the curriculum be such as will aid in choosing the proper kind of 
apprenticeship to fit the individual’s mental endowment and his 
aptitudes. There should be fewer misfits because the first four 
years’ training would give them an excellent foundation, and 
they could choose the type of work most interesting to them. 
This would eliminate a very real difficulty now in common exist- 
ence. For instance, a boy before graduating from high school 
has built radio sets, worked in a local power plant, or had some 
kind of electrical experience. Perhaps electricity appeals to him 
more strongly than any other subject. He wants a university 
education because he has been told that it will enable him to earn 
a good salary immediately after graduation, and will go far 
toward insuring success in later life. -What then is more natural 
than for him to register in electrical engineering, because here is 
the opportunity, in his opinion, to secure the university educa- 
tion he wishes and at the same time specialize in his favorite 
subject. Naturally he has considerable pride in his choice and is 
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reluctant to make any change even though the first year or two 
may, prove that he does not possess the necessary types of 
ability to sueceed in engineering. He may eventually graduate 
and begin work, still determined to be a successful electrical 
engineer. The result is in many cases an employe who has not 
the ability and characteristics necessary for his work. He must 
then work on as best he can and be a failure or only a mediocre 
success in electrical engineering, or find something to which he is 
better adapted. In so far as possible, a young man’s interests 
and abilities should be determined before he graduates. If this 
can be fairly well accomplished and he ean be sent out either with 
the broad four-year training, or better, with both it and the two- 
year graduate study, his chances of success should be greatly 
improved, and he should be a happier man in later life. 


R. W. Sorensen: I would like to add to the list of books 
given at the end of Professor Ryan’s paper one entitled, “Ions 
Electrons, and Ionization Radiations’”’ by J. H. Crowther, pub- 
lished by Edward Arnold, London. That book is easy to read 
and it presents in a reliable manner much of the information 
about ions that engineers wish to know. 


In the three papers bearing directly upon education, you will, 
of course, find differences of opinion, and so there should be. 
The biggest crime educators could be guilty of would be that of 
making a standard curriculum, which would be the same for all 
engineering colleges. In fact, we often remind ourselves at 
California Institute of Technology that we must not simply add 
to the group of good engineering courses in California just another 
course like the one at our State University or like Professor Ryan 
has developed at Leland Stanford. We at the Institute are 
spending annually about $700 per year per student enrolled, to 
earry onour work. That money has been given us by individuals 
for a specific purpose and should not be used to duplicate the work 
of other institutions. 


Dr. Magnusson-has sounded a keynote when he says every 
faculty man should do enough research work to show that he has 
the ability to inspire students in that direction. Some under- 
graduates are qualified to do research work along with their 
regular undergraduate work. Such men should be given an 
opportunity to do that work. Also, there should be graduate 
students, the more the better, doing research work, and the col- 
lege should make such provisions for such a plan. In this way, 
every student has a chance to come in contact with research work, 
learn what it is, and methods of procedure. Every engineer will, 
to a large extent, have his success determined by the ‘amount 
of research enthusiasm which he can develop, even though that 
enthusiasm is not applied to the type of problem ordinarily 
classified as a research problem. 


As to the senior thesis for all, the discontinuance of that plan 
was due to several factors, one being lack of time on the part of 
the faculty to supervise many students and assign each student a 
problem of just the proper magnitude to fulfill the requirements 
for graduation. In place of the thesis, certain problems are 
assigned students, the problems selected being tempered by the 
circumstances under which the student is working. Such a 
problem does not have to be written in thesis form, thus allowing 
all the available time for work on the problem. 


Why do we include four years of English in our curriculum? 
We have had complaints that the engineers are underpaid, and 
underpaid chiefly for one reason, that the engineer confines most 
of his contact with men to those who talk only engineering 
language, and there is no use to try to sell engineering informa- 
tion to other engineers unless you are a much better engineer than 
the other man, which doesn’t happen very often. On the other 
hand, there are thousands of people in the world who want en- 
gineering information and who would take it if presented to them 
so they could understand it. You can’t present engineering 
data to the artist in a way that he will understand it unless you 
know his language; you can’t present it to the doctor, lawyer, or 
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merchant in a way that they can understand, unless you know 
something of their language. 

Therefore, we have a department of English wien runs 
through five years of our five-year course, and we must have a 
large department in order to keep the type of instructors we have, 
instructors whose business it is to inspire men and cause them to 
make of themselves all-round men. That is the reason we think 
it worth while to put in a five-year humanity course right along 
with a five-year technical course. Many of us would not do the 
things we do if some seemingly insignificant thing had not in- 
spired us to go in an inviting direction. Without the instruction 
we would have failed in finding the. doorway to new and interest- 
ing fields of endeavor. 

In reply to the comments made by Messrs. Robinson, Clark, 
Henline and others, there are many details about which we could 
argue, but each exception only makes plainer the fact that all in- 
dividuals should not be required to follow the same course of 
preparation for engineering work. Some men should prepare a 
thesis, some should not, some should have five years of education 
in the field of English literature, including some history and 
economies, others should find it more profitable to plan a different 
use of their time, but in nearly every case, I would conclude that 
in the essential things there are no differences of opinion—except 
as to relative values. This condition could not be otherwise 
because engineers differ as to details even in designing machines, 
when a much smaller number of variables are encountered than is 
the ease when we attempt to form the character of the youth who 
willin the future be our engineers. 

Reference to values in character building prompts me to direct 
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attention to the value of the training obtained on the athletic 
field as evidenced by the success of many of our engineering 
students who participatein athleties. A survey of the condition 
governing athletics at many of our educational institutions 
indicates to me that the advantages of athletics are for the most 
part lost to engineers because training for athletics has become 
such a time-absorbing specialty as to make it almost impossible 
for an engineering student to be on his college team. Our 
educators in the technical field, and those who are our friends, 
should help correct this condition of affairs. 

C.E. Magnusson: Mr. Robinson’s remarks lead me to think 
that I failed to state clearly what I had in mind. I meant to say 
that education is essentially training to think; that engineering 
education is training to think along engineering lines; that the 
main purpose of engineering students during their four years in 
college should be to gain clear concepts of the basic physical laws 
underlying engineering and acquire the ability to apply these 
laws to the solution of quantitative practical problems. The 
rest of their college work is accessory to this backbone of engineer- 
ing education and may vary widely for different individuals. 
It goes without saying that all live engineering colleges frequently 
revise their curriculums. At the University of Washington, the 
revision of curriculums in the college of engineering comesregularly 
on the calendar every four years, and many changes both in 
regard to required courses and their content have been made 
during the past twenty years. I am grateful to Mr. Clark for 
emphasizing the value to industrial establishments of research 
in our engineering colleges although this phase of the problem 
does not come under the title of my paper. 
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Synopsis.—T he object of this paper is lo point out how protective 
measures which have been applied to a low-voltage distribution 
network can be utilized to improve the operating characteristics of the 
entire distribution system, as well as materially lower its installation 
cost. 

- Many of the-developments herein described are novel. departures 
from more yenerally recognized practises. Fhey have all, however, 
withstood the test of time and. usage. 

The common neutral system.of distributiondescribed has steadily 
increased iniis.ap plication since first developed by the author for use 


in Toronto, Canada, about 16 years ago. It is at present the 
standard system with a number of large utilities with an aggregate 
capacity of some 300,000 kw. The particular system described is 
that of the Northern States Power Company in the Minneapolis 
territory, representing about 60,000 kw., or about one-half the total 
output of this widespread organization. 

The heavy duty a-c. underground network and the remote-control 
multiple street lighting systems described are both later developments 
that are more or less inter-related with this common neutral 
development. 


PROTECTIVE GROUNDING 


N order that the lives and property of the community 
may be protected against the hazard due to the low- 
voltage utilization circuits becoming crossed with 

those of dangerously high voltage, it is now compulsory 
to install protective grounds. 

Such compulsory grounding requirements are em- 
bodied in both the National Electrical Code and the 
National Electrical Safety Code. 

The desirability of such grounding is no longer a 
matter for question or argument, as it has, in innumer- 
able cases, proven its protective value. 

However, where such grounding is not carried out 
strictly in accordance with both the wording and the 
spirit of the rules in both codes, it is worse than useless 
in that it creates a false sense of security. 

There is little question but that the responsibility of 
seeing that these grounding rules are enforced rests 
initially with the electric utility engineer. Unless he 
can create a more equitable division of the responsibility 
by transferring a part to the consumer through munici- 
pal regulation or company rules, his company must not 
only shoulder the responsibility but also the burden of 
total cost involved. 

In a number of our large cities, such distribution is 
effected through the local inspection authorities, re- 
quiring that each and every service be properly 
grounded to the water-supply piping in the buildings 
served, this being done by the customer whom it 
protects and at his expense. 

It is particularly unfortunate that a number of com- 
munities still refuse to make such regulations, even after 
the American Water Works Association has recom- 
mended that such grounding be permitted without fear 
of injury to the water system. In still other cases 
municipal authorities are not only trying to evade this 
responsibility but are attempting to exact a toll from the 
electric utility for use of the water system as a means of 

1. Of the Northern States Power Company, Minneapolis, 
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protection to the community. Where such unfortunate 
conditions exist pressure should be brought to bear to 
not only permit, but require, the use of the water system 
for protective grounding, as it imposes no burden or 
expense. 

Where the low-voltage secondary network is ade- 
quately protected by grounding, there can be no haz- 
ard from high-voltage crosses, either accidental or 
intentional. 

Any system of protective grounding to be effective 
must be capable of safely passing the heaviest current 
required to trip a feeder circuit breaker. Where the 
nominal feeder rating is 300 amperes per phase, it 
follows that about 500 amperes: will be the tripping 
value. ° 


It must be self evident to any engineer that to ground: 


a section of secondary by means of one or two driven 
pipe grounds is hopelessly inadequate. Such grounds 
are, as a rule, incapable of blowing a branch circuit 
house fuse when a ground occurs on an outer wire on 
the customer’s premises. This type of grounding was 
originally installed in Minneapolis and later reinforced 
by installing at least one service ground in each city 
block, using the water service for this purpose. This 
effectually eliminated the troubles due to former in- 
ability to blow clear accidental grounds on the outer 
wires of the secondary bus section. It was not, how- 
ever, sufficient to protect against a heavy feeder cross 
between primary and secondary. In order to get the 
benefit of all existing grounds, by connecting them in 
multiple, the various secondary section neutrals were 
interconnected. This was a much smaller undertaking 
than might be supposed, in that service requirements 
made most of the secondary sections terminate within 
one or two spans of each other. In order to avoid 
placing an anchor guy at each of these ends, or a con- 
tinuous head guy, it was general practise to carry the 
neutral conductor through these gaps and insert a strain 
insulator at the midway point. All that was necessary 
to interconnect these sections was to place jumpers 
across these numerous neutral strain insulators, as 
when this was done there was automatically established 
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a system neutral in the form of a vast grid or screen 
that blanketed the entire area served. With thousands 
of line and service grounds connected to this, the re- 
sistance to earth was so low that the heaviest current 
obtainable through any form of cross could be carried 
to ground with absolute safety and without raising the 
potential to earth of the secondary system by any 
appreciable amount. In later years the City Electrical 
Department has required that every new service must 
have its own protective ground, installed by and at the 
expense of the building owner to water piping where 
available. This has assured a perpetual improvement 
of grounding conditions with growth of the system, as 
over 5000 new services, with their grounds, are connected 
to the system annually. 


In order to assure low resistance to ground, periodic 
tests are made between system neutral and water mains 
and where the results show in excess of one-tenth ohm 
additional service grounds are installed. 


In districts outside the water main areas, service 
grounds are attached to driven well casings in prefer- 
ence to using driven pipe grounds or other forms of 
artificial grounds. These are only used as a last resort. 


Wherever economically possible, the secondary mains 
are extended for new customers in preference to 
extending the primary and installing additional small 
transformers. With this plan it is assured that the 
system neutral will always cover a greater area than the 
primary system and that there will be no isolated sec- 
ondary sections not amply protected by connection to 
_ the system neutral. 

Since Minneapolis is very similar in layout to other 
large cities, it follows that the plan of protection outlined 
above may be applied to almost any typical com- 
munity, and has been applied by the author to three 
of our major cities. 


PRIMARY DISTRIBUTION SYSTEMS 


With the rapid growth of the industry, developing 
load densities far in excess of those previously thought 
possible, it has become very evident that the once 
commonly used 2300-volt, three-phase, delta primary 
system was not only uneconomical, but also impracti- 
cable unless substations were spaced much too close to 
make their size or operating costs reasonably efficient. 
It was therefore logical to change to some form of sys- 
tem that transmitted at a higher voltage, but still 
permitted the use of the vast amount of transforming 
equipment already in service. The star connection 
of the older equipment was the natural solution of this 
problem, and today we find the 2300/4000-volt, star- 
connected, four-wire primary system almost universal 
in cities of any size. By stringing in a fourth wire for 
the neutral, and reconnecting the transformer primaries, 
the old 2300-volt, delta system can be changed to trans- 
mit three times the energy over the same distance with 
equal loss, or the same energy over three times the 
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distance. In practise, it has enabled us to carry a 
considerable amount of extra energy over each out- 
going feeder and at the same time space our substations 
much further apart, these also naturally being of larger 
size than would have been practicable with the older 
system. 

However, in order to safely use the same transform- 
ing equipment as for the older system, it was essential 
that this neutral wire be definitely stabilized in its 
voltage to earth. This is commonly done by grounding 
the primary neutral at the substation, connecting it 
directly to a water main or other known effective 
ground. Each outgoing feeder is then provided with 
its own isolated neutral over which any phase unbalance 
on the feeder returns. Under normal operating 
conditions this has worked out very well and there is no 
residual current to cause induction on adjacent low 
voltage signal or communication systems. 

However, under certain abnormal operating condi- 
tions this method of stabilizing the neutral hg proven 
far from effective. We are all familiar with:the com- 
plex conditions that arise on the old Edison three-wire, 
direct-current systems when, for any reason, a neutral 
is opened. In this later four-wire, three-phase primary 
system, we get very similar conditions except that the 
maximum rise in potential on any phase can not exceed 
73 per cent above normal. When a single-phase short- 
circuit occurs, there must be a 2300-volt drop of poten- 
tial on the phase wire and the neutral combined. 
Assuming that both are of same size, this means that 
the system neutral at the point of fault will be shifted 
out of its central position and the other two phases will 
have their potential raised about 36 per cent. If for 
any reason the neutral should open during the occur- 
ance of such a single-phase short circuit, then the 
neutral at point of fault will be shifted 73 per cent. 


_ Since either of these conditions impose an overstress to 


ground on all the transforming and protective equip- 
ment, as well as induce corresponding voltage-increases 
on the utilization equipment of the customer, such a 
system is very hazardous and uncertain in its operation. 
In the case of heavy phase grounds, excessive passage 
of current through the earth may result in interference - 
to adjacent communication circuits through both earth 
potentials and high residuals in the line. 

In order to guard against such conditions it has be- 
come general practise, where this type of system is 
used, to install single gap lightning arresters at various 
points along the primary neutral. These are supposed 
to break down at about 350 volts and thereby reestab- 
lish the relation of neutral to earth. In practise these 
do break down, but unfortunately or otherwise, very 
often stay broken down. In other words there are 
established numerous more or less unreliable points of 
multiple grounding on the primary neutral. Since 
there are no ready means of determining such relief 
gap failures, these grounds usually are permitted to 
remain on the system, just as are accidental grounds 
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permitted to remain on the neutral of any extensive 
Edison low-voltage, three-wire network. 

It follows, therefore, that many so-called single 
point protective grounded primary systems are today 
operating successfully with innumerable unadmitted, 
neutral grounds. Occasionally induction in adjacent 
telephone circuits leads to temporarily clearing these 
grounds, but they soon reoccur unless constantly checked 
up. 

In the development of the system as used in Minne- 
apolis, it has always been openly admitted and claimed 
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that a four-wire, star-connected primary system must 
have a large number of distributed multiple grounds 
on.the neutral in order to make it practicable in 
operation. 

By reference to Fig. 1 it will be noted that such a 
primary neutral is shown paralleling the system second- 
ary neutral previously described. If this method is 
used, it ‘gives two wires both held definitely at earth 
potential by numerous grounds. While the low-voltage 
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neutral can be adequately protected by means of serv- 
ice grounds, the primary neutral can not readily be 
so protected and, therefore, the necessary reliable 
grounds can only be obtained with difficulty, and ground 
wires must be carried down to the water mains buried 
under the streets. When, however, both neutrals are 
so protected, it follows that they are one and the same 
wire in so far as potential to earth is concerned, and, as 
such, may be combined physically. Where this is done 
we have what is now known as the “‘common neutral”’ 
system. 
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In Fig. 2 it will be noted how this common neutral 
forms many metallic return paths in addition to those 
through the earth. In order to avoid concentration of 
heavy currents on the system, due to abnormal operat- 
ing conditions, neutral grid near the substation’s heavy 
neutrals are carried out of the substation in several 
directions. These generally are extended for several 
blocks in each direction and tap the system neutral at 
each intersecting point. This arrangement is clearly 
shown by the heavy lines in Fig. 2, which represent 
the only actual primary neutral copper necessary where 
a common neutral system is used. All the other neutral 
is that required in the secondary system in order to 
obtain adequate protective grounding irrespective of the 
type of primary system used. 

With this form of system, there are so many assured 
paths for both normal and abnormal neutral return 
currents that the entire primary neutral system is 
definitely held at earth potential. Normally the 
return current will take, by preference, the path 
closest to that of the primary phase wire, tests having 
shown that at least 65 per cent of the return will take 
this path irrespective of the number of other metallic 
paths established in addition to those through the earth. 
This is due to the close loop formed by the phase wire 
and its parallel neutral giving a far lower impedance 
than any of the wide open loops over other routes or 
through earth. 

Since periodic tests show resistance values not to 
exceed one tenth of an ohm between system neutral. 
and earth, it would appear somewhat inconsistent to 
find so large a percentage of the return current taking 
the metallic path closest to the phase wire unless one 
keeps in mind that this division is largely governed by 
impedance and not by resistance. 

From the economic standpoint this system not only 
saves all the neutral copper required on the three- 
phase feeder of the ordinary four-wire system, except 
the small amount adjacent to the substations, but also 
eliminates one of the two wires on every single-phase 
branch taken off the three-phase line, and these form a 
considerable percentage of the total copper in any 
primary distribution system. 

The transmission losses with this system are materi- 
ally less than that of the more commonly used four- 
wire system in that the effective area of the neutral 
return is always greater. In general it would appear 
that for the portion distributed as single-phase load, 
including all branches and any unbalance on the three- 
phase routes, the loss will be from 25 to 40 per cent less. 

Since the neutral is definitely stabilized at all points, 
it is no longer necessary to place protective equipment 
on both sides of the transformer primaries, the low side 
being tapped directly to the system neutral. This, of 
course, saves one-half the investment, troubles, ete., in 
such protective equipment. 

In operation, the system has always proven far more 
reliable than either the usual form of four-wire system 
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or the older three-wire delta systems. This is partly 
due to the lower wire mileage involved, but more largely 
to the fact that only one primary phase-wire is required 
on all single-phase branches where most of the usual 
troubles occur. In such locations, the system neutral 
is spaced vertically and below the phase wire and can 
not be readily fouled with it. The general arrangement 
of the pole head on single-phase construction is shown 
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in Fig. 3 which also shows the method of transformer 
mounting. 

In order to permit of emergency operation of feeders, 
the general arrangement shown in Fig. 4 is adhered to as 
closely as typographical conditions will permit. Each 
feeder is provided with a single-pole, oil switch in each 
phase wire just before the loads are taken off. A series 
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of emergency ties are installed between adjacent feeders, 
forming a ring in which each segment is sectionalized 
by groups of single-pole, oil switches, which are nor- 
mally operated in the open position. This arrangement 
permits of taking the load from any one feeder and 
transferring it to at least two adjacent feeders. 
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Outside of this ring, the various phases are spht up 
into small, single-phase areas, arranged as far as pos- 
sible somewhat as shown in Fig. 5. The phase relations 
are distributed so that the minimum possible residual 
current is permitted along any one three-phase sub- 
feeder route. Since each feeder is of nominal 300- 
ampere rating per phase, it follows that each single- 
phase section is of about 240-kv-a. capacity. The 
section rings are adhered to wherever practicable in 
order to distribute the voltage drop as evenly as pos- 
sible when covering a given mileage of street. A further 
advantage is that any break in a ring does not interrupt 
service, and when desired, such breaks can be cut out 
until repairs are permanently made under favorable 
weather conditions. The record of operation of auto- 
matic reclosing breakers has shown that it is very rare 
to have a feeder stay shorted after the third operation 
of the breaker, when it locks out. No fuses are used in 
any portion of the primary network as it has been found 
that these will blow under momentary overloads and 
will seldom blow under contact of a primary wire with 
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the earth. Under such conditions they do not offer 
any material protection but do represent a hazard to 
continuity of service. 


LIGHTNING PROTECTION 


The ability of transformers connected to the common 
neutral system to resist damage from lightning is very 
marked. 

On the Minneapolis system the total number of 
transformers burned out, from all causes, known and 
unknown, averaged eight-tenths of one per cent per 
annum, averaged over a period of three years. 

Minnesota is noted for its severe and destructive 
lightning storms, and, therefore, this apparent im- 
munity of the common neutral system can not be ex- 
plained by lack of lightning hazard. 

The use of the common system neutral, as a ground 
connection for lightning arresters, has not only fully 
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justified itself through favorable operating results, 
but was, in a large measure, adopted in self defense. 
Under the older and more generally used plan of having 
separate lightning arrester grounds, accidents due to 
arrester insulation breaking down and the baking out of 
the artificial ground occured far too often to justify the 
use of rules existing in defense of this method of 
lightning arrester ground connection. 

For some unknown reason, the interconnection of 
secondaries is one of the factors in transformer im- 
munity from lightning damage. It has been repeatedly 
noted that transformers feeding isolated secondary 
sections rather than part of the secondary network 
failed during lightning periods. Other transformers 
immediately adjacent to these isolated units showed 
100 per cent immunity. f 


INDUCTIVE COORDINATION 


The experience with the common neutral system in 
Minneapolis has very conclusively proven its desirabil- 
ity from the distribution standpoint, although under 
certain conditions which are now under investigation, 
it contributes to inductive disturbances occuring in 
adjacent communication circuits. It must not, there- 
fore, be inferred that the common neutral system can 
be used without due consideration being given to proper 
coordination of the two types of circuits. Such co- 
ordination likewise implies a very close cooperation 
between the engineers of the two utilities. 

In order to give full cognizance to the esthetic ap- 
pearance of the streets of our communities it is advisable 
under certain conditions that the power and communi- 
cation utilities use joint poles in overhead construction. 
It follows, therefore, that any practicable primary 
system of distribution must be such as will not ap- 
preciably impair the service of any well designed and 
maintained telephone system using the same poles as 
the power system. 

It is not practicable to design or operate any power 
system that will be free from residual currents, neither 
is it practicable to design or operate a telephone system 
that will be so perfectly balanced that it will be void 
of susceptiveness to influences from the currents and 
voltages in the adjacent power system. The problem 
then narrows down to determining just how far either or 
both power and telephone systems can depart from the 
theoretical ideal and still give an entirely satisfactory 
service to all consumers served by both utilities. 

To this end the engineers of both utilities have been 
working in very close harmony for some years. This 
cooperative work has culminated in the very elab- 
orate and comprehensive tests that have been in prog- 
ress for some months at the Minneapolis field laboratory 
and experimental line and which will not be completed 
until some time in the future. 

Consequently, the results of these tests will probably 
not be available for general use for somé considerable 
time; however, it is believed that within a short time 
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the industry may look forward to an interim report 
covering the more important points of inductive in- 
fluence and susceptiveness in the respective systems 
and the remedial measures that can be applied with a 
fair degree of assurance as to their effectiveness. 

In actual practise it has been found that those reme- 
dial measures mentioned in the Principles and Practises 
of the Joint General Committee, such as reasonably 
close balancing of phases on the power system, the 
separation, where feasible, of the two classes of circuits, 
the grounding, where practicable, of aerial cable sheaths, 
and the use of high-impedance ringers, are valuable in 
reducing the respective influence and susceptiveness of 
the systems involved. 

Other changes or additions tending to reduce inter- 
ference are also possible at party line substations using 
grounded ringers. 


SECONDARY NETWORKS 
Practically the entire Minneapolis system is operated 
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with the various secondary bus sections within any 
given phase area, interconnected. It has already been 
mentioned that the interconnection of the neutrals was 
easily accomplished, owing to the short gaps between 
sections. The outer wires of the three-wire secondary 
are extended in a similar manner and interconnected at 
the various midway points through copper-link limiting 
fuses proportioned so that they will blow if the current 
exceeds approximately 50 per cent of the capacity of the 
smallest adjacent transformer. Each transformer is 
also fused on its outer secondary leads by copper links 
which limit the current to about 200 per cent of trans- 
former rating. The general arrangement of each 
secondary bus section is in the form of the letter H as 
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shown by heavy lines on Fig. 6. This also shows the 
adjacent secondary bus sections and the locations of 
the limiting section fuses between sections. It will be 
noted that any one transformer can drop out and the 
normal load on the section be easily carried by division 
between adjacent sections. In the event of a heavy 
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secondary short circuit, both the transformer fuses and 
the section fuses will be blown and the defective section 
segregated from the network. This plan of inter- 
connection not only assures reliability of service, and 
materially better regulation, but also takes advantage 
of about a ten per cent diversity factor between peaks 
on adjacent sections serving very similar loads. On 
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ordinary residential service, transformers are regularly 
loaded to about 125 per cent full load rating on the 
winter system peak. This leaves sufficient reserve 
capacity to take care of emergency service to adjacent 
sections, as it has been found that transformers used 
for short-peak, winter service will safely carry up to 
200 per cent rating. With this interconnection, it has 
been found that the primary neutral return current 
will split and a very considerable portion, at times as 
high as 60 per cent, will take the path through the 
secondary outside wires rather than through the com- 
mon neutral. This materially increases the effective 
cross section of the common neutral and thus carries a 
greater percentage of the return current through the 
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neutral in close parallel with the primary phase wire, 
thereby decreasing the extraneous return current for 
any given phase wire loading. 

Where the power demand is a considerable portion 
of that for lighting, combination light and power 
transformer banks are used with the secondary delta 
tapped at the midpoint of one phase for the neutral. 
This connection is shown in Fig. 7 and a typical in- 
stallation is shown in Fig. 8. With this connection 
one-third of the lighting load is carried by the two 
power transformers in vector series, the other two- 
thirds being carried by the lighting phase. It has been 
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found possible to carry both light and fluctuating power 
on these four-wire secondaries without material im- 
pairment of the regulation. Since the light and power 
peaks seldom directly superimpose, there is a very 
appreciable saving in investment where this connection 
is used. 
For serving small commercia! centers which develop 
close to intersecting car lines and which require a 
transformer capacity in excess of the average over the 
network, the secondary mains are of heavy copper, 


usually 4/0 gage, and the transformers are located at 
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load district rather than near its center. This is nec- 
essary in order that there will be considerable impe- 
dance introduced between transformers in order to get 
proper division of load and selective sectionalization 
during times of trouble. The transformers used are 
provided with network protectors on the secondary 
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side and are thereby locked in on the system except in 
case of an actual failure within the transformer itself. 
The arrangement of these transformers is shown in 
Fig. 9 and the hook-up of the network protector feature 
in Fig. 10 the basic principle of which is simply neutrali- 
zation of magnetic flux in the core of the auxiliary series 
transformer which is built into the standard transformer 
case. Any disturbance of this flux by reason of current 
reversal, due to internal faults, creates a potential in 
the tertiary windings across which the protective fuses 
are bridged. That this network system is not only 
economical but reliable is best shown by the fact that 
our transformer record for 1924 showed an average size 
transformer of 19 kv-a. and the burnouts were but 
seven-tenths of one per cent. 

In the down-town, congested area of the city, there 
has recently been installed a heavy-duty, underground, 
secondary system, designed to take over all increased 
loads in this area, leaving the older d-c. system to con- 
tinue in operation without growth until such time as it 
has depreciated to a point where its retirement can be 
justified. This sytem is served by transformers located 
in vaults built under the sidewalks. In general, each 
vault is provided with three 100-kv-a. units, although 
several have as high as 900-kv-a. capacity. The 
general arrangement is indicated in Fig. 11. The pri- 
mary feeder serving this group of vaults is on the ring 
system, looping through each vault. On each side of 
the loop, automatic oil switches are installed together 
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with relay trips. On the cable sections between vaults, 
the relays are differentially connected through pilot 
cables run in the same duct lines with the feeder. This 
locks the cable in except on faults in the cable itself. 
On the end sections of the loop the vault protection is 
by means of reverse power relays. At the major 
substation each end of the loop is provided with an 
overload-trip oil breaker and an automatic regulator. 
The control of the latter -is cross connected to prevent 
hunting and hogging of the load. 


stalled in each vault. 
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In the two loops at present installed, as shown in 
Fig. 12, the substations are some distance outside the 
down-town area and normally serve a heavy demand in 
residential and apartment house service. By taking 
advantage of the peak diversity between this class of 
load and the down-town commercial and power loads, it 
has been possible to take on these down-town feeder 
loads without increasing the substation or transmission 
capacity. The use of 4000 volts has been justified in 
preference to direct use of the thirteen two-kv. trans- 
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mission voltage, by the fact that vault space is some- 
what limited and it is difficult to get suitable spacing 
for higher voltage equipment. In addition, each loop 
can carry about 3000 kv-a. and distribute it over a 
substantial area. To make a higher voltage econom- 
ical, a much greater area would have to be served from 
one feeder and it would be undesirable to take chances 
on an interruption so extensive. 

The secondary of each transformer serves one phase of 
a four-wire, 115/200-volt, three-phase secondary. The 
ungrounded lead is protected by an air-break circuit 
breaker, controlled by a reverse power relay. The 
primary of each transformer is protected by either an 
overload oil breaker or a high-voltage fuse. In this 
network, both primary and secondary, the common 
neutral is used. Here in the underground district, the: 
system neutral consists of not only copper conductors 
but all cable sheaths thoroughly bonded together. 
It also serves as the neutral for the Edison direct-current 
system, and has so served for many years. 


In order to obtain standard 230-volt energy for power 
supply, rather than attempt to operate 220-volt equip- 
ment with 200 volts, small auto-transformers are in- 
These are six to one ratio, dry 
type, and have ten per cent of the rating of the large 
transformers. This gives capacity for a 50 per cent 
division between lighting and power loads. From 
each vault, three-conductor, 500,000-cm. cables are car- 
ried out for secondary mains serving customers between 


Sept. 1925 


vaults. The use of separate cables for light and power 
has not proven uneconomical, as a single combined 
capacity cable could not be drawn into existing ducts. 

In some instances where the power demand is small, 
dry-type auto-transformers similar to those in the 
vaults, but of only two-kv-a. rating, are installed on 
the building service panel and only the lighting mains 
carried in. Either two or three of these are used, de- 
pending upon the amount of power demand. 

The operation of this system has been very successful 
and satisfactory. Heavy-duty, high-speéd, passenger 
elevator service is carried on the same transformers as 
the lighting, with no appreciable interference with the 
lighting regulation. The auto-transformers appear to 
act as cushions for the heavy momentary power 
demands which have been found to cause considerable 
interference with lighting regulation where 200-volt 
service is supplied without these auto-transformers. 
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The general arrangement of the secondary system is 
shown in Fig. 18. As the system is extended, the light- 
ing mains will be interconnected between vaults through 
limiting fuses in a manner similar to that which has 
worked out successfully on the overhead network. 
This will permit of emergency operation with any 
portion of a vault out of service. 


STREET LIGHTING 


Up to the end of 19238, street lighting in Minneapolis 
was by magnetite arc lamps suspended over street 
intersections, with the exception of gas lamps in some 
residential sections and five-light, ornamental cluster 
standards in the business districts. 

For some years, we have been slowly developing a 
radically different system of street lighting distribution, 
using Type C incandescent lamps supplied with energy 
from existing distribution transformers and remotely- 
controlled by pilot wires. Late in 1923, when it was 
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decided to abandon gas for street lighting, development 
work on this new lighting system was speeded up, 
and it was possible to start the first 500-high-c-p. 
units in service on January Ist, 1924. To these during 
1924 were added additional lamps and this year some 
500 of the old magnetite arcs are being retired, replaced 
with type C lamps. This will give about 2000 units in 
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The general arrangement of this new system is shown 
in Fig. 14. The lamps are of two types,—those using 
the old form of mast arm suspension as shown in Fig. 15, 
with 1000-c-p. units at intersections and 400 c-p. for 
midblock lamps; the other is the new ornamental 
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system designed to supersede the ornamental clusters. 
The latter type, shown in Fig. 16, has been developed 
by the City of Minneapolis’ engineering staff cooperat- 
ing with the engineers of this Company. Electrically, 
the system is the same as that used for the general 
lighting. 

The lamps are of the standard high amperage type as 
developed for series service. They are supplied from 
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small auto-transformers, using 115 volts on their 
primary, and installed in the lamp housing with sus- 
pended units, and pole bases for the ornamental 
standards. Each transformer is connected to the ad- 
jacent system neutral] on one side, and on the other, toa 
section wire that in turn is connected to one of the sec- 
ondary outside wires through a remote-control con- 
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tactor. These contactors were specially designed for 
this system as they have to close by gravity and open 
electrically with a very small energizing current. They 
are of the mercury-cup type of the very simplest design 
and inherently free from trouble-making features. 
Their energizing solenoid coil consumes but 12 watts at 
115 volts. The assembly of one of those is shown in 
Fig. 17. 

For energizing these contactor windings, one side is 
connected to the system neutral and the other to a 
single-wire control circuit which is energized during 
non-burning daylight hours in order to hold the con- 
tactors in the off position. This assures that control 
system failures will not involve the lamps during burn- 
ing hours. In the event of a control circuit or contactor 
failure, the lamps will burn during the daytime and 
trouble hunting becomes a daylight job at leisure 
rather than a rush night job in the worst of weather 
conditions. The control wires are carried out in each of 
four general directions from each substation. Here 
they are energized at 115 volts through a standard push 
button switch with indicating pilot lamps. In sub- 
stations of the automatic type the energizing is done by 
electrically-wound clocks, fitted with astronomical 
dials which keep the schedule constant throughout the 
year. 

When each control section has been extended to a 
distance and number of contactors where the voltage 
has dropped to about. 80 per cent, a re-energizing 
contactor is inserted. These are similar to the other 
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contactors except that they close the circuit when the 
solenoid is energized. These, in turn, take current 
from the nearest secondary mains and energize another 
section of control circuit. Since this can be repeated 
indefinitely, it follows that there is absolutely no limit 
to the area that can be covered with this type of mul- 
tiple system using but 115 volts in any portion. 

In operation, the system has proven so superior to 
any form of high-voltage series circuit that it is being 
rapidly adopted by other utilities and the various 
manufacturers are now prepared to furnish equipment 
for use with it at prices comparable with, or lower than, 
those for standard series operation. The average life 
of the lamps is running about 3000 hours with good 
sustained candle power up to the burnout point. With 
the low operating voltage and multiple operation 
throughout, failures are few and far between, the rela- 
tive reliability of operation being about six to one in 
favor of the new system as compared to the older series 
circuits. The average lamp-hour outage is running 
about one-tenth of one per cent, which is remarkably 
reliable operation, meeting with the highest approval 
of the city authorities and the public in general. 

In the selection of lamps for multiple street lighting, 
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a much wider choice is available than with the series 
systems. Any of the usual series types of high amperage 
lamps can be coupled to the multiple circuit through 
suitable auto transformers, which are equivalent to the 
so-called compensator usual with series equipment. 
While these series lamps are not specifically designed 
for constant potential service, they have given very 
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good satisfaction. The use of voltage taps on the auto- 
transformers permits of compensating for variable 
voltage loss in the 115-volt supply circuit. The long 
life of this type of lamp as compared to that of the 
standard multiple lamp is advantageous in that it 
lowers both lamp-renewal labor, costs, and lamp-hour 
outage. However, the lamp cost is approximately the 
same as that for the multiple lamp owing to the higher 
price put on the series type of lamp as compared to the 
standard multiple type. 

Unfortunately, the lumens rating of multiple lamps 
and those of the series types do not match up, which 
makes it difficult to substitute one type for the other. 

In the 10,000-lumen size, the series type can very well 
be replaced with the 500-watt multiple, giving 9400 
lumens, thereby saving the cost of and losses in the auto- 
transformer. The possible disadvantage is that of 
more frequent renewals, about two and one-half times 
that for the series type lamp, and necessity of providing 
small auto-transformers for boosting excessive supply- 
circuit voltage drop on some long sections. 


In the 4000- and 6000-lumen sizes, there is no mul- 
tiple lamp substitute, as the 200-watt multiple gives 
but 3200 lumens and the 300-watt, 5100 lumens. 
However, where the series lamp lumen rating has not 
been established as a standard for any district, it would 
appear that the 300-watt multiple lamp could be used 
as a standard in place of a mixed standard of 4000 or 
6000 lumens. 


In the selection of lamps, it is desirable, where practi- 
cable, to use those of the multiple type as in that class 
the prospect for economic improvements is most to be 
expected. 


If the series types are selected, and future improve- 
ments in lamp efficiencies are made, this type of lamp 
will change in its voltage rather than in lumens or am- 
perage. Such a change would complicate the situation 
where auto-transformers of a definite, low-voltage 
rating are already in service. 


Since the existing distribution transformers can 
usually carry the small addition of the street-lighting 
load, no transformer cost is involved and the existing 
high power factor is appreciably improved by this all- 
night steady loading. With the newer forms of series 
circuits the constant-current transformer cost is ex- 
cessively high, its efficiency lower than for a standard 
transformer, and the power factor so low that they 
are very detrimental to the system. 

Furthermore, the small auto-transformers used with 
high amperage lamps on series circuits will sometimes 
cause appreciable induction on adjacent communication 
and radio circuits when magnetically oversaturated 
when a lamp burns out. This effect is entirely elimi- 
nated with the multiple system. The comparative cost 
is roughly about 15 per cent in favor of the multiple 
system as compared to the latest types of series systems 
for either general or ornamental lighting. In addition, 


HOOD: IMPROVEMENT IN DISTRIBUTION METHODS 


nearly in the ratio of copper cross-section. 


1047 


the over-all efficiency is about five per cent greater and 
the reliability and safety of operation much greater. 


SUMMARY 


The principal features which this paper describes are 
summarized in the following brief conclusions. 

Protective Grounding. The maintenance of minimum 
impedance and ample current-carrying capacity from 
the secondary distribution system to earth, in con- 
formity with the purposes of both the safety code and 
the fire code, is best effected by the adoption of a con- 
tinuous network or wire grid for the secondary neutral 
covering the entire area served as one integral com- 
munity with water-pipe grounds on every service con- 
nection and reinforced with bonds to water mains and 
driven-well casings where special circumstances justify 
it. Such use of the water pipes and mains for pro- 
tective grounding purposes is not per se injurious to the 
water system, for extensive experience goes to prove 
that it is entirely harmless, and therefore municipal 
ordinances should require it as to the best interest of 
the public to be protected. Periodical surveys of the 
impedance to ground can be made very readily and 
constitute one of the advantages of this system of 
grounding. 

Common Neutral System. In systems utilizing the 
4000-volt, three-phase, four-wire type of primary 
distribution circuit, with single-phase lighting branches, 
there is substantial advantage and economy in com- 
bining the primary and secondary neutra!s into one 
conductor, so as to serve both functions. It is a prime 
essential in the use of this system that the neutral be 
grounded in the general manner described in the pre- 
vious paragraph, or its equivalent. With this system, 
the two outer secondary wires form an additional re- 
turn path in parallel with the neutral, and the primary 
load current (in the single-phase instance) divides 
The return 
path via the neutral network is obviously of a complex 
nature in any given instance, but tests show that at 
least 65 per cent returns via the neutral on the same 
pole route with the primary. Each primary feeder 
district is served by a three-phase main which taps into 
a ring feeder through an oil switch, and the ring is 
sectionalized about midway between adjacent taps by 
means of oil switches which are normally open but can 
be closed in emergencies. The entire load area of each 
feeder district is divided into single-phase sub-districts, so 
associated and distributed among phases as to mini- 


-mize the unbalanced load current in the neutral along 


any given three-phase route. The saving due to re- 
duced investment is estimated at $8.00 per kv-a. of 
distribution transformer capacity and the energy 
copper loss is reduced variously from 25 to 40 per 
cent. 

Inductive Coordination. The use of a common neutral 
system may be detrimental to the service rendered by 
adjacent telephone circuits unless proper coordination 
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is applied through close cooperation of the engineering 
personnel of the two utilities involved. 

Pending completion of the joint tests now in progress, 
and a review of the results, definite reeommendations 
can not be given other than for the use of such reme- 
dial measures as are now already known and recom- 
mended in the “Principles and Practices.’’ The results 
of these tests, so far as some of the more important fea- 
tures of the problem of inductive coordination are con- 
cerned, will be available, it is expected, at a compara- 
tively early date. 

Secondary Networks. The secondary mains in any 
given phase area are interconnected by means of copper 
link fuses in the two outer conductors, which are pro- 
portioned so as to operate on approximately 50 per cent 
of the rated continuous capacity of the smallest ad- 
jacent.transformer. The two outer secondary leads of 
each transformer are fused at about 200 per cent of 
rating. On ordinary residential service, the transform- 
ers are regularly loaded to about 125 per cent of rating 
on the winter system peak, but for short winter peaks 
‘will safely carry 200 per cent of rating. The typical 
layout of a secondary bus section resembles the letter H, 
as shown in Fig. 6. For mixed power and lighting loads 
a three-phase bank is used, as shown in Fig. 7. Local 
outlying commercial centers are served by means of the 
type of secondary layout and protection scheme which 
appears in Figs. 9 and 10. 

Downtown A-C. Distribution. In the downtown area 
of Minneapolis an a-c. distribution system has been 
installed for ultimate relief of the three-wire Edison 
d-c. system. The 4000-volt primary feeders are ar- 
ranged on the loop or ring system indicated in Fig. 12. 
Transformer installations are placed in vaults built 
under the sidewalks. At each substation supplying a 
loop there is overload protection on the outgoing 
feeder and also an automatic voltage regulator. Be- 
tween vaults, the cable sections are provided with dif- 
ferential protection which functions only on a fault in 
the cable itself. The primary bus in each vault is 
equipped with reverse power protection and the primary 
of each transformer is provided with overload protec- 
tion. The type of secondary layout is indicated in 
Fig. 13 and the common neutral system is used here also. 
Separate secondary mains are used for lighting and 
power. The three-phase lighting mains operate at 
115/200 volts. The voltage on the power mains is 
raised to 133/230 volts by means of six to one-ratio 
auto-transformers and these mains are equipped, in 
each vault, with reverse power protection. In special 
instances, where the power demand is not large, these 
auto-transformers are installed at the customer’s 
service connection, and supplied direct from the lighting 
main. As this downtown system is extended in future, 
the lighting mains will be interconnected between 
vaults, through limiting fuses, in the same manner 
that has proven successful in overhead distribu- 
tion. 
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Street Lighting. The constant-current series type of 
distribution circuit is being replaced with multiple 
distribution under remote control by means of a pilot 
wire and individual contactors at each lamp. The type 
of circuit layout is shown in Fig. 14. This system is 
made possible by the fact that 115/230-volt secondary 
mains cover the lighted area of the city very com- 
pletely. This additional load on the secondary system 
proves very desirable from an economic standpoint. 
Experience also proves that the multiple system is 
more economical, efficient, and reliable than the series 
system which it is replacing. 


Discussion | 


R. E. Cunningham: I have particularly noted the first 
paragraphs of Mr. Hood’s paper regarding the necessity of thor- 
oughly grounding secondaries and I want Mr. Hood to know 
that I econeur with him in his statements. 

I believe that too many of us have been content to drive a pipe 
or two connected to each secondary system and eall it good 
enough. We all know what may happen to such grounds, 
particularly in dry districts. I think we should arrange through 
local ordinances to have a ground connection made at each 
customer’s service which would be installed at the same time 
the house is wired by the contractor. This should be a water- 
pipe ground. 

Now, as to using a common neutral, Mr. Hood, no doubt, has 
a condition where, as he has stated, his plan has worked satis- 
factorily. Whether it would work under conditions obtaining 
in Southern California is a little doubtful. We have a long, dry 
season and a good ground is hard to get; in some cases it is 
impossible. There are very few districts where we have con- 
tinuous water-piping systems and in some cases cement is used 
in making the joints in the pipes. 

Thus far on our 4-kv., four-wire systems we have adopted the 
practise of grounding the primary neutral at frequent intervals, 
generally by the use of a driven pipe. We have not tried the 
plan of using the same wire for a secondary neutral. 

I might say that in most cases we do not have secondary 
systems continuing throughout the primary circuits, so that 
possibly there is not the same opportunity for economy as exists 
with Mr. Hood. With the system as I stated, using the driven- 
pipe grounds connected to our neutrals, we have had a number 
of cases during the dry season when the phase wire has fallen 
and lain on: the ground without kicking out the circuit breaker 
at the station. We are particularly concerned as to how to 
take care of such a hazard. 


We have recently built a new substation in a district where the 
system was being changed over to 4-kv. four-wire and are 
trying out the scheme as shown in Fig. 1 herewith. Here the 
neutral wire is isolated from the ground except at the station 
and there the connection is through a current transformer, the 
secondary of which is connected to an ammeter and relay. 
This relay in turn can actuate an alarm bell. Any current in 
the neutral due to unbalanced load will not indicate on the 
ammeter or cause the relay to function, but any current re- 
turning to the station from a phase wire which might fall on 
the ground must flow through this current transformer. 


The current transformer is provided with taps and the relay 
so adjusted that it will operate when one ampere flows through 
the ground connection. Tests have been made which show that 
about that amount of current would flow when acoil of bare wire 
connected to a phase wire was thrown into a patch of green grass at 
a distance of about one mile from the station. Normally adjust- 
ments are for a much higher current so as to protect against a 
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full ground and then once each hour the operator makes a test 
using the one-ampere adjustment. 

We hope with this device to discover cases of phase wire on 
the ground under such conditions as not to cause sufficient re- 
turn current to trip the circuit switch. 

I would like Mr. Hood’s advice on our situation and also 
wish to inquire whether with a phase wire down he usually gets 
enough current through the ground on his 4-ky. circuits to re- 
lease the circuit switch. 

E. R. Stauffacher: The ground relay mentioned by Mr. 
Cunningham will ring an alarm only when a current of one 
ampere or more goes back to the station from the line lying 
on the ground, whereas, our test indicates that only 0.3 or 0.4 
ampere actually flows back to the station when a line is down 
on a 4000-volt distribution circuit about one mile from the 
substation. This, or course, applies to the dry soil condition. 
The equipment would indicate properly and give an alarm if 
the wire happened to be lying in green grass or in wet soil or 
against a green tree. However, there is every reason to expect 
that it will be rather difficult to develop equipment which will 
indicate when a line is lying down in dry soil or on a concrete or 
asphalt pavement. This leads me to believe that it would 
probably be better practise to install numerous grounds along 
the distribution line in addition to the ground at the substation, 
and to make every effort to see that the circuit breaker tripped 
out in ease a wire dropped to the ground, rather than attempt to 
develop some type of ground detector which would indicate this 
hazardous condition. 

C. A. Heinze: In Los Angeles, we have made use of grounds 
to water pipes for some years past. Our method is to select 
at least three services on each secondary and ground the 
neutral of each service to the local water pipe on consumers’ 
premises. 

It seems that ten or fifteen years ago the water department 
of our city experienced considerable trouble and difficulties 
with electrolysis. I imagine that a number of members know 
the full meaning of that word when applied to water systems, 
and the difficulties with electric railroads. To protect itself, 
the water department in Los Angeles constructed mains with 
cemented joints, thus preventing the possibility of getting a 
good ground by attaching directly to the main itself. How- 
ever, on a three-wire service if we can obtain permission from 
the consumer, we bring down the neutral, connecting it directly 
to the water service. For mechanical reasons sometimes we 
use a piece of conduit, bonding it at each end. 


I am a bit surprised to learn that Mr. Hood would like to 
have us go back to the multiple street-lighting system. It 
seems to me off-hand that we would be taking a step backward. 
I remember quite well that years ago we all, more or less, had 
multiple street-lighting systems, and we gave them up for the 
supposedly more efficient series system. Now, I find there is 
a tendency to go back to the multiple system again. I don’t 
know whether the telephone engineers have had anything to 
do with this or not. At the same time I can’t believe that it is 
a step in the right direction. Mr. Hood proposes and does in- 
stall a contactor for connecting each lamp to the secondary bus 
nearest to the location of the lamp. From his paper I gleaned 
that it will require twelve watts of energy to keep this contactor 
energized during the daylight hours, and of course, during the 


hours when the lamp burns, the contactor is out of circuit or 


de-energized. 


In Los Angeles, excluding the ornamental post lamps, we 
have 10,000 street lights of the suspension type. Now, if the 
contactor were to be provided for each one of these lamps in 
order to operate it on a multiple system as recommended by 
Mr. Hood, our loss in energy, valued at one cent -per kilo- 
watt hour would amount in a year to practically $7000. I 
don’t know what Mr. Hood’s company receives for energy for 
street-lighting purposes in his city, but surely none of us in 
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‘the West are making sufficient money on street lighting to 


stand a yearly loss of any such amount, in our case amounting 
to $7000. 

I can’t see what the future holds for us if we go to a multiple 
system. I would like Mr. Hood to explain the reason for going 
to the multiple system. I have always been given to understand 
that the multiple lamp, toward the end of its life, greatly de- 
creases in candle-power, while the series type tends to burn at 
full candle-power until it burns out. I feel that this will re- 
sult in a large number of lamps being continued in service at 
reduced candle-power and not being replaced until they actu- 
ally burn out, resulting in decreased illumination on the streets. 
I think we. as utilities, should strive to give the public all they 
are paying for and the best street lighting possible. 

M. T. Crawford: I notice that the neutral return path 
described by Mr. Hood is apparently largely in the secondary 
neutral grid. I would like to ask if single-pole switches are 
used or three-pole switches on the outgoing feeders at the sub- 
station. It would appear that if single-pole switches were 
used and single-phase short circuits occurred, opening one or 
two switches, the neutral would be ealled on to carry the full- 
load current of the phase which remained in service, greatly 
increasing the duty of the neutral path, and I should think 
increasing the troubles that might come from using only a rela- 
tively light-capacity neutral grid. 

Rather extensive use is made of fuses in the secondary main 
for sectionalizing in ease of trouble. I would like to ask Mr. 
Hood what method he has for finding out when these secondary 
sectionalizing fuses blow. If secondary sectionalizing fuses 
should blow and no knowledge was had of the fact, they might 
stay open for some time and interfere with the proper inter- 
change of load current. 

Mr. Hood refers to the fact that the primary-neutral return 
eurrent sometimes will split and take the paths of the secondary 
outside wires, rather than all go through the common neutral. 
I would like to ask if he has made any test which would determine 
whether or not this disturbs the voltage regulation on the second- 
ary at such points. It would seem that it might have consider- 
able effect on the voltage drop on the secondary bus and would 
affect the consumer’s service. 

In regard to the underground system, I w ould ee to ask 
if Mr. Hood has experienced any operating difficulty in con- 
nection with the relay contacts. On the underground dis- 
tribution system in Seattle where a large number of power- 
directional relays are installed, we have found it necessary to 
periodically inspect and clean the relay contacts. The gases 
and other substances in the subways appear in some way to 
eover these contacts so that they do not always function. 

D. K. Blake: I find a large number of people who are 
strongly in favor of the common neutral and just as many who 
are strongly opposed to it, but the chief cause for opposition 
seems to be the telephone interference. 

As to the multiple lighting circuit, there are a large number 
of eastern companies who are going into that, studying it, and 
applying it. I was very much surprised to find in Denver that 
the business section was supplied with multiple circuits with 
cascade pilot-wire control. 


Mr. Hood referred to his polyphase secondary network for 
the business section which is a seven-wire system. There is a 
somewhat different type of system used by a large southern 
city of about 200,000 population. They have the same idea, 
that is, they do not want to supply an off-standard voltage to 
their customers’ devices so they take the secondary winding of 
the transformer and extend it to 133 volts, which gives 230- 
star volts for the motors, and of course, a seven-wire system. 


As to the matter of neutrals carrying load current, you might 
be interested in knowing that there is one large company which 
makes the practise of connecting distribution transformers 
from one wire to the grounded cable sheath and in that way 
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they have the cable sheath carrying a number of amperes of 
load current. 

D. I. Cone: As already stated, the subject of distribution 
systems is of great interest to telephone engineers; one item 
in particular in Mr. Hood’s paper presented today is of im- 
portance from that point of view; that is the question of the 
use of a common neutral for the primary and secondary ground 
connections and, also, the question of the multiple grounding of 
primary neutrals. I shall not undertake a discussion of that 
problem because we have attempted to cover the subject pretty 
thoroughly in the paper by Dr. Trueblood and myself. 

Mr. Heinze referred to the interest of the telephone engineers 
in the street-lighting problem. There is a paper by Mr. Me- 
Curdy which discusses series street-lighting systems from this 
point of view’. As to the multiple street-lighting arrangement, 
I think, without having had experience with it, that the multiple 
scheme would make coordination with the telephone plant 
much easier. 

G. H. Smith: I would like to say a word in discussion of 
Mr. Hood’s multiple street-lighting system. We have been 
living with an overhead series system in Seattle for twenty 
years and for the last five or six years we have been trying to 
find some way to dispose of it. The underground lighting 
system in Seattle is multiple, and the lamps are low-voltage, fed 
by transformers in the pole bases. We are averaging about 
4000 hours’ life on these lamps. It is hard for us to believe that 
we should use a 120-volt multiple lamp for that service although 
I believe that is the lamp manufacturer’s recommendation. 
We hope before long to install an overhead multiple lighting 
system very similar to the one described by Mr. Hood. We 
have been working on it for years, and believe that it will justify 
itself from the standpoint of safety alone. Also, our figures 
seem to show that it will be fully as cheap and more reliable. 


S. B. Hood: Mr. Cunningham has brought up the point as 
to whether the common-neutral system was suitable for Cali- 
fornia. I think probably the best way to find out would be to 
try it. The main thing in the common-neutral system is to have 
sufficient neutral copper so that the earth does not form a part 
of the return, not an essential part. Therefore, if the air con- 
ditions are very dry, all that is necessary is to equalize the 
potential between the neutral system and the earth, so I rather 
think that the point of safety would be just about on a par with 
the dryness of the earth. If the earth is absolutely dry, it is a 
perfect insulator, so if you maintain your neutral at earth po- 
tential at the interconnection, you never would get any appreci- 
able difference between that neutral system and the earth, even 
though the earth conditions give very high resistance. 


On the question of the opening of the circuit breakers in case 
of a fault to ground, I suppose what Mr. Cunningham meant 
by ground was the conductor lying on the ground. My ex- 
perience has been that it doesn’t make any difference what kind 
of a system you use, isolated-neutral or common-neutral, you 
cannot depend on opening a circuit breaker on contact to ground. 
The artificial ground connection such as a driven pipe will 
not have less than 100 ohms resistance. Now, you ean readily 
see that 8 or 10 ft. of 314-in. pipe will not give a good ground. 
The contact resistance of a wire on the ground may be up in 
the thousands of ohms. SoI don’t thinkit makes any difference; 
you can’t depend on opening the breakers through accidental 
contact with the earth. 


Mr. Heinze brought up the question of the individual house 
grounds, and the difficulty of getting continuous grounds through 
the water main. I think that is probably common all over 
the country, possibly not to as great an extent as in Los Angeles, 
but you get the benefit of the buried pipe which forms a serv- 
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ice pipe from the main, including the section of main in which 
that service pipe is tapped. So in the aggregate you have 
a fairly good surface of water pipe in contact with the earth, 
certainly much better than you could ever expect by an arti- 
ficial ground. When you interconnect all of those grounds by a 
system neutral, you can count on pretty good protection. 

I am sorry I can’t agree with Mr. Heinze about the multi- 
ple system being a backward step. We think it is the greatest 
step forward we have ever made. I have felt for a great many 
years that the practise of running series circuits, which may 
have potentials up to 6000 volts, through alleys, and out to 
every street corner, networking the whole area much more 
highly than the primary circuits can, comes pretty near to 
being a crime, and there are probably more accidents to the publie 
and to the utility’s operating staff through those high-voltage 
series circuits than any of the other circuits you operate. The 
only trouble in the past has been to get the same efficiency in 
transmission with the multiple system. That can be solved 
by utilizing the distribution transformers, and the relay control 
system. Our experience with the maintenance of candle- 
power in the lamps has been remarkably good. I have always 
criticized the series system on a basis that the lamps, unless you 
break them up, will get so dim that you can’t see whether they 
are burning or not. 

Regarding the contactor losses in the multiple system, I 
think you ought to get the right point of view. You must con- 
sider that the series constant-current transformer at best will 
have only an efficiency of about 85 per cent, whereas the con- 
tractor uses 12 watts only for initial action, and as soon as the 
core rises it chokes the consumption down to 8 or 9 watts. 
That represents less than 2 per cent on a 500-watt lamp, and 
in a great many cases a group of five or six lamps may be found 
on one contactor. You can readily see thé contactor losses are 
almost negligible compared to the losses in the series type of 
transformer. , f 

The principal advantage we found in the multiple light- 
ing system has been the better service during storm conditions. 
It frequently happens during a bad storm that lamp outages on 
the series circuits will run 17 to 20 times as high as on the mul- 
tiple. As soon as the storm starts you will see the multiple 
lamps winking like stars all over the city. It can readily be 
seen with the series system that each accident or effect of the 
storm which has lit the multiple lamps would have put out of 
business the series type of circuit. 

The question of maintained candle-power is one which I 
think we shall have to leave to the engineers of the lamp as- 
sociation. We picked the series type of lamp and adopted the 
multiple system, believing that the series lamp was the best of 
the two lamps. Now, they tell us that the series lamp was a 
poor lamp at its best, and we should use the multiple lamp, so 
I don’t know which is right. Experience will have to show. 
I think, however, that one feature in favor of the series type of 
lamp, particularly in our large cities, is its longer life. They 
claim series lamps used on multiple system will give 2160 hours’ 
life. We are getting 3000 hours on ours and better, and very 
well maintained candle-power. They also claim the multiple 
type of lamp is good for 1300 hours. My experience with the 
large systems is that if you get 1000 hours life out of it you are 
lucky. 


Now, where you have ears parked along the streets all day 
and most of the night, when are you going to get a main- 
tenance car up to the ornamental lamps? The men must go 
around before sunrise, and even then you will find many 
cars. 


Mr. Crawford asked whether we use single-pole or three- 
pole switches on our feeders at the substations. Originally all 
our lighting feeders, before we converted to the common neutral, 
were the two-pole. Thus the only change we made was to change 
the original double-pole switches; the two poles were put in 
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series, giving ‘twice the breaking capacity. Those circuits, 
however, were almost entirely lighting circuits and we found 
that the action was substantially that of a one-wire single-phase 
circuit. They didn’t act as three-phase circuits at all. How- 
ever, all our three-phase power circuits had three-pole switches, 
and as we cut to combination feeders, we found the single-pole 
switch had no advantage, due to the fact that among the other 
peculiar things we do, we always ground the neutrals of our 
three-phase power transformers. When you get a single-phase 
short circuit, the closed secondary delta transfers the short 
circuit to a very considerable extent to the other two phases, so 
that all three switches would go out in the same way as though 
they were on a three-pole switch. For that reason, as we re- 
built our substations, we conserved substation space by putting 
in entirely three-pole switches. In the modern substation with 
automatic closing equipment, it is the fact that almost always 
a circuit will not lock-out but will burn the fault off. 

The matter of locating blown section fuses is largely checked 
up by periodic inspections made just before the fall peaks. Dur- 
ing the summer season, most of the load in the interconnected 
districts being residential load, it doesn’t make much difference 
whether those fuses are in or out except in some places where 
the range load is heavy. We make careful inspection just prior 
to the fall peak, and from then until we pass the overlapping 
period, the spring of the year, we depend on the customer to let 
us know when those section fuses are out. Generally he doesn’t 
waste much time in doing so. In other words, our transformers 
will carry the load with those fuses out as well as with them in, 
but the regulation would be very much poorer; therefore, we 
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almost invariably get a complaint from a customer when a 
section fuse is out. 

We have never had any trouble with the effect on secondary 
regulation caused by flow of current in the neutral. There 
is under certain rather abnormal conditions a tendency to un- 
balance voltage, but you must have a very abnormal condition 
to bring out that effect. 

Regarding Mr. Crawford’s question as to relays in the under- 
ground a. ¢. system, our condition is possibly justa little different 
from what he may have in mind in that our transformer vaults 
are to all intents and purposes substations. We don’t have the 
dampness and the gases found in an ordinary manhole vault. 
We are particularly fortunate in Minneapolis because we can 
put vaults under the sidewalk, and they are just as dry as the 
basement of a building; in fact, they are virtually the front of 
the basement. We use the same type of relays and equip- 
ment as used in the ordinary substation, and they are inspected 
periodically, in most cases once a week. 

In Mr. Blake’s remarks, he referred to a system in the South 
which used 133-volt transformers. That is the type of trans- 
former with the 133-volt secondary tapped at the 115-volt 
point. We had considered that, but the objection we saw was 
that it made a semi-special transformer which is objectionable 
from the standpoint of simplicity in warehouse stock where it is 
necessary to stock one type of transformer for overhead distri- 
bution and another for underground. If the underground re- 
quired a special type of transformer, probably that tap would 
be all right, but in our case we have adhered to standard equip- 
ment throughout. 
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Synopsis.—Consideration of the relations between power 
distribution and telephone systems is naturally involved in any 
comprehensive review of the problems of the rapidly expanding 
power-distribution networks in this country. 

Avoidance of contact and provision of suitable working conditions 
for employees in situations of close proximity are dealt with in the 
National Electrical Safety Code and in State Regulations which 
provide arrangements for safety where complete separation is not 
feasible. 

Induction from distribution circuits has heretofore had less 
general attention than induction from power-transmission lines. 
Recently the Joint General Committee of the Nationul Electric Light 
Association and the Bell Telephone System has undertaken compre- 
hensive investigations of these problems. Of particular interest ts 
the study of induction under joint use conditions now progressing 
actively at Minneapolis. Pending completion of this and other 
studies, a preliminary and qualitative discussion is here given. 

Situations of exposure fall into three groups determined by the 
character of the area served: (1) ‘‘downtown”’ districts; (2) residential 
urban districts, (2) rural districts.: The major problems arise in 
the second group. A wide variety of arrangements characterize both 
systems, and require consideration. 

Among technical features, coefficients of induction for close ex- 
posures, shielding action of metallic cable sheaths for both power and 
telephone circuits, and ‘“‘ground potential” effects are distinctive 
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problems. Where hoth classes of circuits are in cable with suitable 


precautions as to grownding, interference is rarely to be anticipated. 

Low-frequency induction due to transient power-system dis- 
turbances ts rare at the lower voltages but may assume great impor- 
tance with higher voltage circuits, unless the amount of exposure or 
faull currents are suitably limited. Various methods for reduction 
of disturbing effects are discussed. 

Noise induction from power-distribution circuits is chiefly vin 
residuals which occur on single-phase branches of polyphase cir- 
cuits, or where triple harmonics or load-current unbalances are 
introduced by grounding neutrals, or where admittances to ground 
of phase wires are unequal. Residual currents are largest in systems 
having multiple-grounded neutrals, both load-currents and triple 
harmonics occurring. Approximate resonance at triple harmonic 
frequencies between the inductance of station apparatus and power 
cable capacitance has characterized several situations. Various 
single, two- and three-phase arrangements are compared from lhe 
induction standpoint. 

The closely related matter of unbalances in the telephone plant is 
briefly discussed. This is one of the subjects on the joint research 
program. 

With the great variety of specific situations encountered and the 
gruwth to be expected, joint study by power and telephone engineers 
of existing cases and future plans furnishes the only practicable 
solution. . 


INTRODUCTORY 


N any comprehensive consideration of the varied 
problems of our rapidly expanding systems of power 
distribution, thereis naturally involved a discussion of 

the problems of relationship between these systems and 
the communication systems, which to a very large ex- 
tent serve the same customers. Such a discussion is 
undertaken in this paper in the hope that a better 
understanding of the physical and inductive relations 
of different distribution circuits‘and neighboring tele- 
phone circuits will promote the coordination of the two 
classes of circuits without imposing undue restrictions 
on the development of either. _ 

To appreciate the magnitude of the problem, it will 
suffice to recall that the number of power consumers in 
the United States has now passed 16 million. There 
is no present indication of abatement in the rate of 
growth, now about 15 per cent annually in number of 
consumers and in total load supplied. The number of 
telephones is likewise approximately 16 million. The 
growth of this companion electrical industry is today 
less striking (about six per cent per year) only because 
its period of rapid expansion began some years earlier. 
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To a very large degree the customers of the two services 
are the same people; hence it is apparent that the com- 
bined growths present a problem of continually in- 
creasing proportions. 

In and near the great centers of population, thie 
growth of the two kinds of service to the public has led 
to the development-of two highly specialized electrical 
systems of which large parts are necessarily in close 
proximity to each other. The most obvious considera- 
tion in this relationship of power and communication 
circuits is to avoid contacts between conductors at 
crossings and conflicts, and in the joint use of poles, 
A closely related matter in such situations is that of 
providing climbing and working spaces so that men can 
work on conductors and equipment of either class in a 
safe and convenient manner. These factors, and the 
necessity of limiting the numbers of poles on streets, 
led early to the development of specifications to govern 
clearances and strength of construction, and to exten- 
sive arrangements for the joint use of poles. 

Contacts between power and communication circuits 
must be carefully guarded against, since they not only 
cause interruption of service-on either or both systems, 
but may result in injuries to persons or damage to 
property such as (1) electric shock to employees or 


subscribers; (2) acoustic shock or noise; (8) breakdown. 


of lines and equipment, with attendant fire hazard and 
destruction of plant. The intimate handling of tele- 
phone instruments in daily life requires the greatest 
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precautions to prevent their energization at dangerous 
potentials. 

Standards for minimum clearances, for strength of 
construction, for insulation and other protective meas- 
ures in both classes of circuits have been gradually 
established through long experience, the various features 
being continually under review as the arts progress. 
' These standards include provisions against breakage 
or excessive sag of the upper conductors or breakage of 
supports at wire crossings, and against accidental 
contacts between wires of a given circuit, or failure of 
insulation. 

In working out the relations between overhead lines 
of different utilities where the higher voltages are in- 
volved, the natural first line of action is to endeavor so 
to locate the lines as to eliminate the possibility of 
contact. This is in recognition of the increased hazard 
to persons and the impracticability either of building 
the communication plant to withstand damage by 
‘breakdown or of providing protective devices to limit 
effectively the amount of plant exposed to such break- 
down. The problem of avoiding hazardous conditions 
is one not only of current- and voltage-limiting devices 
at circuit terminals, but of the insulation, clearances 
and operating practises over the entire exposed plant. 
Where it is found impracticable to avoid proximity, 
particular attention is required to the provision of 
adequate strength and arrangements of construction. 

Preferences and minimum strength and clearance 
requirements for crossings, conflicts and joint use of 
poles by power and communication circuits have been 
embodied in the National Electrical Safety Code! and 
in the regulations of many of the states. The Joint 
General Committee of the National Electric Light 
Association and the Bell Telephone System?2’, proceed- 
ing with these as a basis for further study, has subcom- 
mittees at work on both the contractual and technical 
phases of the problem, in recognition of the changing 
conditions of distribution practises. 

Until recently, recognition of the importance of the 
problem of the inductive relations between power distri- 
bution and telephone networks has not been so general 
as that accorded a good while ago with respect to the 
association of long power and telephone lines. It is 
true that specific situations arose, some of them of 
rather large importance, sufficiently critical to require 
the development of measures of relief. However, the 
problems involved in the close inductive relations of 
power-distribution circuits and the telephone plant were 
not attacked on a large scale until they were taken up 
by the Joint General Committee of the National 
Electric Light Association and the Bell Telephone 
System, as part of the wider question of methods of 
coordinating the facilities generally of the two services 
for the avoidance of interference. This Committee has 
already published? certain recommended practises, 


1. Reference numbers apply to Bibliography appended 
hereto. ; 


INDUCTIVE RELATIONS 1053 
mainly qualitative, which are applicable to the situa- 
tions with which this paper is concerned. A Sub- 
committee on Development and Research is now 
engaged in comprehensive investigations of the various 
technical questions connected with this matter, and 
one of the “projects” under which the work of this 
Subcommittee is organized, is devoted to a single im- 
portant aspect of the problem,—the question of induc- 
tion under joint-use conditions. 

At the present time, the Committee in charge of this 
project is working in cooperation with the Northern 
States Power Company and the Northwestern Bell 
Telephone Company, using a most complete temporary 
field laboratory and experimental line in the outskirts 
of Minneapolis. While this work is progressing favor- 
ably, it involves many problems of a fundamental 
nature, and therefore does not permit of giving quantita- 
tive results until further advanced towards completion, 
which will require a considerable period of time. — It is 
believed, however, that within the next six months an 
interim report can be issued dealing with those factors 
and remedial measures which are of prime importance 
to a solution of the problem. 

This paper is thus of a preliminary and primarily 
qualitative character. It undertakes to present a view 
of the problems arising from inductive effects which are 
peculiar to the close association of extensive networks 
of the two utilities in and near centers of population, 
and discusses certain phases in some detail, with il- 
lustrative references to operating experience. 

It is not proposed to deal with the subject of elec- 
trolytic corrosion of underground structures, a problem 
which involves not only the power and communication 
systems but also the gas, water, and electric railway 
systems. The underground cables of electric power 
companies are, of course, In common with telephone 
cables, susceptible to electrolytic injury, but such 
injury is usually caused by stray current from electric 
railways rather than from electric power distribution 
circuits. 

GENERAL SURVEY 

Problems, arising primarily from situations in which 
long power transmission lines and toll telephone lines 
parallel each other, assumed great importance about 
fifteen years ago, and led to the extensive studies of the 
Joint Committee on Inductive Interference in Califor- 
nia.t Much of the work of that committee is funda- 
mental to the present discussion. When the subject 
of the inductive relations of power distribution circuits 
and telephone circuits is set off as a topic in itself, 
it is not because the underlying principles are different 
from those which apply to the longer lines of the two 
services. It is rather the characteristics of the two 
systems in the thickly populated districts within and 
near the modern American city, and to some extent in 
rural districts, which give individuality to this problem. 

While the primary concern is here with power distri- 
bution and local telephone circuits, nevertheless long 
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power transmission lines and telephone toll lines require 
consideration, if only indirectly, for in the final analysis 
these long circuits exist purely for the purpose of serv- 
ing the public, and the sole links between them and the 
consumers are the local distribution systems. In the 
broad view, it is the public whose interest in the solution 
of these problems is fundamental. The vital impor- 
tance to the two industries of finding the best engineer- 
ing answer rests ultimately on this public interest. 

In approaching the subject from a technical stand- 
point, perhaps the most convenient method of division 
is by reference to the physical relationships of the two 
utilities as determined by the character of the areas 
served. We may thus distinguish three general 
groups: 

1. Dense Urban or‘ Downtown” Districts. In these logalities 
which are principally in the larger cities, it is usual to find the 
circuits of both utilities in underground eahle, carried, however, 
in separate conduit systems. There is, of course, a great deal of 
parallelism under these conditions in our large cities, from which, 
so far as the authors are aware, no cases of serious inductive 
effects have resulted, and except in rare instances, no physical 
damage has occurred. The problem of electrolysis has its chief 
focus in these districts but a discussion of this question is beyond 
the scope of this paper. 

2. Residential Urban Areas. This term is used here to denote 
those districts in the smaller towns as well as the large cities in 
which the local telephone circuits are found mainly in aerial 
eable, with occasional fairly long runs of twisted pair or open 
wire, while the power circuits are chiefly in open wire. In the 
more thickly settled sections, long exposures at roadway separa- 
tion or under joint-use conditions are common, and for shorter 
distances, in alleys, joint use or conflicting construction is 
frequent. Important questions arise here, both from the stand- 
point of physical hazard and from that of induction. The 
closeness of association and the large numbers of service connec- 
tions involved, combined with the lack of the effective shielding 
afforded by cable sheaths and earth in the dense urban districts, 
make these residential urban areas the most important in respect 
to induction in the local telephone circuits. 

Telephone toll circuits in these districts may be either in cable 
or in oper wire. Owing to the relatively small numbers of such 
circuits and their limited space-occupaney, it is possible by 
suitable cooperative planning to keep them comparatively free of 
exposure. 

3. .Rural Distribution Areas. These are regions in which the 
population is scattered and the service drops of both utilities are 
relatively infrequent. Space is no longer a vitally essential 
factor, though it may still be an important one. Telephone toll 
circuits as well as subscribers’ circuits are usually in open wire. 
These open-wire subscriber lines are likely to be long and to serve 
a considerable number of subscribers. By cooperative planning 
in advanee, it is practicable to keep the telephone circuits com- 
paratively free of exposure. 


A large variety of power systems and voltages is 
found in different parts of the country, in the situations 
covered by these three broad classes. A classification 

on the basis of the purpose which the power circuit 
serves would give such groups as trunk circuits at 
voltages of 6600, 10,000 to 15,000, and higher, in both 
open wire and cable; primary distribution at voltages 
in the 2300 to 4600 range; seeondary distribution at 
from 110 to 440 volts; and circuits for such services as 
street-lighting and street-railway power supply. Series 
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street-lighting circuits are, under some conditions, of 
much importance as sources of interference and are 
discussed in another paper.’ Railway circuits are also 
important from the point of view of inductive relations, 
but the discussion of their special characteristics is 
beyond the scope of this paper. Secondary-distribu- 
tion circuits will come into the discussion in only an 
incidental way; the indications of experience are that 
interference from these low-voltage circuits is rare, 
though cases have been known to occur, due to acciden- 
tal circuit conditions causing excessive currents in earth 
connections, or to unusual or poorly designed apparatus. 

A classification along somewhat similar lines may be 
made of telephone circuits, having regard to the pur- 
poses to which the circuits are assigned. The sub- 
scribers’ lines radiating from the central offices may be 
likened to the secondary power distribution circuits. 
Corresponding to the primary distribution system is the 
intricate network of trunks between central offices, used 
in local communication between subscribers in different 
exchanges. Other trunks, used in establishing connec- 
tion between a subscriber and a toll center, when toll 
service is required, may be regarded as the counterparts 
of the higher voltage circuits. As the development of 
the art of power distribution has led to several kinds of 
arrangement such as direct-current, two-phase, three- 
phase and their varieties, so also in the telephone sys- 
tem, there are three main types of local circuit, accord- 
ing as the service is handled manually, or by the step-by- 
step type, or the panel type, of machine switching sys- 
tem. At present, in many of the large cities, the 
manual and one of the machine switching systems will 
both be found, together with systems of the inter- 
mediate semi-mechanical character, designed to give 
service between subscribers where one of the central 
offices is on a machine switching and the other on a 
manual basis. Many minor differences in equipment 
for signaling and supervision also exist, and there are 
several different arrangements of subscribers’ sets and 
cord circuits, depending upon the type of service given; 
for example, individual line, or party line with full- 
selective or semi-selective signaling, with further 
differences according as the service is unlimited or on a 
measured basis, or according to the method of collection 
in the case of pay stations. In smaller communities, 
many other variations are encountered, including local 
battery arrangements with magneto ringing and sundry 
combinations of the local and common battery schemes. 


TECHNICAL FEATURES 


Coupling and Shielding. A distinctive problem in 
the field of this paper is that of determining the co- 
efficients of induction between power and telephone 
circuits under the conditions of close exposure that 
obtain in joint use and in conflicts. The fundamentally 
important work on this subject, done under the direction 
of the California Joint Committee, applies only to open 
wires at horizontal separations in excess of about 
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20 teet.{ While the determination of the coefficients at 
closer distances is possible by calculation, (this method 
was used by the California Committee in their work 
at the wider separations), the labor required for the 
complete solution in the case of a large telephone line 
would be excessive. The experimental method is 
shorter and probably cheaper for these conditions and 
some experimental work is desirable in any event as a 
check. Such experimental determination is a part of 
the program: of the Joint Development and Research 
Committee. 

A power circuit having its conductors enclosed in a 
grounded metallic sheath will have very little external 
electric field, and if the currents are confined to the 
enclosed conductors and sheath there will be negligible 
external magnetic field. The result is the practical 
elimination of inductive coupling. Itis only where part 
of the current returns by other paths than the sheath 
that induction results. While there are few data from 
direct experiment on the inductive effects of power 
circuits in cable, there is a great deal of evidence from 
operating experience in the case where both power and 
communication systems are underground, and a small 
amount where the power circuits are in aerial cable. 
This experience is based upon cables having all conduct- 
ors in one sheath, and, under this condition, may be 
accepted as showing that inductive interference is 
rarely to be anticipated where the power system is 
entirely in underground cable with continuous metallic 
sheath. Experience to date with exposures in which the 
power circuits are in aerial cable with continuous 
metallic sheath, effectively grounded, justifies similar 
expectations. It might perhaps be thought that a 
breakdown of insulation with grounded sheath (either 
underground or aerial) would give rise to currents in the 
earth which would induce sizeable low-frequency 
voltages in closely exposed communication circuits. 
The absence of such occurrences in operating experience 
is probably due to the facts that a fault in a polyphase 
cable must usually involve all phases and that the 
sheath possesses fairly low resistance, thus tending to 
keep the fault current out of the earth. It is possible 
that the use of separate single-core cables for polyphase 
circuits may produce sufficient field to cause inter- 
ference under certain conditions of proximity. 

Both as to space occupied and shielding from induc- 
etion, cabling the telephone conductors in metallic 
sheaths is advantageous. However, the magnetic 
fields, due to residual power currents and the “ground 
potential’ effects, may be of great importance. If the 
cable sheath is continuous and is either underground or 
bonded to underground cable with an additional 
effective ground on the side of the exposure remote 
from the underground cable, the resultant electro- 
magnetic shielding is of much value in reducing induct- 
ive effects. Where aerial cables are to be bonded to 

t. Refer to Item No. 4 of Bibliography, Technical Report 
No. 65. ; 
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underground cables, however, careful attention to 
electrolysis conditions is required. 

Another feature characteristic of inductive relations 
in distribution areas is that kind of coupling usually 
referred to as “ground potential.” This term implies a 
difference in potential between two specified points in 
the earth. The term is convenient, but it should be 
understood that it does not connote a different kind of 
phenomenon from that where two grounded circuits 
are involved in a parallel exposure. The total voltage 
in a grounded circuit, a, due to current in another 
grounded circuit, b, (see Fig. 1) is produced in a distrib- 
uted manner, partly in the metallic part of a and partly 
in the ground part of a. This latter part is, in general, 
the effect of both resistive and inductive coupling, and 
in practical cases its magnitude will depend almost 
entirely on the relative positions of the ground connec- 
tions of a and b, and the route followed by the wire 
part of b. If, then, this part of the total voltage in a 
that is produced in the earth is considerably the larger 
part, the total voltage is frequently referred to as a 


Disturbing Circuit Cb) 


Disturbed Circuit (a) 


Fig. 1—Grounp-PorTentTiIAL 
Inductive and Resistive Coupling 


Used in this way, the term means 
simply that the effects observed are not due, to an 
important extent, to coupling involving the metallic 
part of the disturbed circuit a. Such situations, of 
course, are usually found where the amount of parallel 
exposure is relatively small. 

The local telephone plant, particularly subscribers’ 
lines radiating in all directions from a central office, is 
more likely to be affected by “‘ground potentials” than 
the toll plant. With some types of power distribution 
systems, the use of ground connections to the same 
water pipes or other underground structures as are used 


_ for telephone station ground connections has a tendency 


to increase these effects. 

Owing to the numerous discontinuities of exposure that 
are inherent in distribution circuits, it is often impracti- 
cable tomake effective use of transpositions of open-wire 
power or telephone circuits. The continual change of 
load connections and circuit layout in a growing plant 
tends to nullify a plan designed to fit a specific arrange- 
ment. There are,{of course, exceptions to this, as in 
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long rural exposures where transpositions’ are a suitable 
means of coordination. 

Low-Frequency Induction Due to Transient Power 
System Conditions. Aside from questions of hazard 
through physical contact, the principal concern of the 
telephone engineer is usually noise, where the power- 
circuit voltage is not greater than 10,000 to 15,000 volts. 
For voltages higher than this, the effects of low-fre- 
quency induction under conditions of fault to ground on 
the power circuit are also important, often more serious 
than noise. It is quite possible that even with lower 
voltage circuits interference may arise under some con- 
ditions of transient disturbance. Operating experience, 
however, shows that such cases have been unusual. 

With the higher voltage circuits, cases of serious 
trouble in exposed telephone circuits at times of power- 
system disturbance have been by no means uncommon. 
This is particularly true when the neutral is grounded, 
in which case the agency is magnetic induction due 
to current in the earth. 


Ei Disturbed 
100 Volts Circuit 
Exposure({ Mile) 


Iz (300 Amp) 


Circuit 


Fig. 2—Macenetic Inpucep VottaceE ALONG CONDUCTOR 
IN Exposure at Highway SEPARATION TO GROUND-RETURN 
Circuir (at 60 Cyc Es) 


To indicate the magnitude of this effect, it may be 
noted that the voltage induced between the ends of a 
conductor, paralleling at highway separation a circuit 
having ground as one side, is of the order of one volt 
for three ampere-miles of exposure, at 60 cycles per 
second. Thus, in the case shown in Fig. 2, with a fault 
current (I,) of 300 amperes and an exposure one mile 
in length, the induced voltage (E;) is about 100 volts. 
The value decreases less rapidly than the separation 
increases with change of separation up to several hun- 
dred feet$ ,and is, of course, dependent upon the current 
distribution in the earth. In the most favorable case 
the induced voltage is attenuated and appears as 
voltage to ground divided equally between the terminals 
of the disturbed circuit, but very often practically the 
full value of the induced voltage appears between con- 
ductors and ground at one terminal. 


The forms in which this interference appears are 
substantially the same whether the exposed telephone 


§. For method of calculation, ete., see Item No. 4 of Bib- 
liography, pp. 656 and 682. Taylor, Ref. 7, gives values that are 
low due to assuming current in earth returning very close to the 
surface. 
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plant is local or toll, 2. e., the induced low-frequency 
voltages may cause interference with telegraph and, 
if high enough, the operation of protective devices, false 
operation of signals (including subscribers’ bells), 
acoustic or electric shock and damage to apparatus or 
equipment. These effects may be very serious and the 
development of generally satisfactory methods for their 
prevention is one of the outstanding problems confront- 
ing the engineers of the two industries. The work 
which has been done to date on this question has been 
called forth by the occurrence of more or less critical 
situations where relief by some means finally became a 
necessity to the telephone company. The measures 
which have been considered have ranged from removal 
of one circuit or the other to the use of resistance or 
reactance in the connections from power transformer 
neutrals to ground, and to the use of drainage on the 
telephone circuits. Good results have been secured 
in several cases where resistances in neutral ground 
connections have been installed. This was made 
practicable by the development of sensitive relays, 
arranged to operate on comparatively small residual 
(or ground) currents. However, there are situations 
in which the use of impedance in the neutral, no matter 
how large, cannot by itself afford a complete remedy. 
These are cases in which, even though the power neutral 
were isolated, the exposure is of such length and close- 
ness that the voltages which would be induced elec- 
trically between the telephone wires and ground, when a 
fault occurs on the power system, are themselves suffi- 
ciently high, and the corresponding charges sufficiently 
great, to cause interference. An exposure of this 
character is most troublesome and any one who has had 
experience in attempting to deal with such a case would 
probably agree that all reasonable alternatives should 
be exhausted before such a condition is created. 

The use of drainage on commercial telephone circuits 
for the relief of high-voltage induction, while not im- 
possible, involves complications of operation and main- 
tenance so great as to make it impracticable in the 
majority of cases. Drainage of the ordinary balanced 
retardation coil type cannot be used on any type of 
circuit employing d. ¢. signaling, and this excludes it at 
once from a large part of the class of circuits with which 
this paper is primarily concerned. Conditions under 
which drainage is feasible are most likely to be met on 
relatively short circuits where the induction is electric« 
in character. This last condition means that few drain- 
age coils, perhaps only one per circuit, would be 
required. Where the induction is magnetic and the 
induced voltages are not relatively small, difficulties are 
encountered in making drainage effective without 
causing excessive transmission loss or interference with 
signaling. The possibilities of drainage on telephone 
circuits as a measure for the reduction of interference 
are being considered in detail by the Joint pebiiacstd ac 
and Research Committee.” 

An apparatus for application in the telephone plant 
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known as the “‘acoustic shock reducer”’ is under develop- 
ment and is now being tried out in a few places. It is 
designed to reduce the intensity of acoustic shocks and 
is thus purely a specific remedy, without bearing on the 
several other kinds of important low-frequency inter- 
ference. The trial installations now under study have 
been made at operators’ switchboard positions. These 
devices must be regarded as expedients serving to 
alleviate, though not to eliminate, one of the most 
troublesome types of interference. 

The provision of adequate separation between the 
power and telephone circuits, is, of course, the most 
effective remedy where it is feasible. Where the situa- 
tion involves local service connections, separation is 
often not an available remedy, and there are other 
situations involving toll lines and power circuits where, 
owing to the nature of the terrain, separation of lines is, 
practically speaking, out of the question. These situa- 
tions often present problems of very great difficulty. 

Noise Induction. With the great variety of relation- 
ships, normal and accidental, which can exist between 
power distribution and telephone circuits, instances 
where noise interference occurs in the telephone circuits 
range from the heavy, low-toned rumble, caused by 
temporary contact of a 110-volt house service on a cable 
suspension strand, to the steady, high-pitched, single- 
frequency note sometimes found with apparently little 
exposure, coming from a grounded-neutral generator. 
It is not practicable to discuss here many very inter- 
esting but unusual cases. The great bulk, however, 
are found to be traceable to residual currents, and, in 
less degree, to residual voltages, in the power system. 
Induction from balanced voltages and currents is of 
importance, as a rule, only in exposures long enough to 
make practicable the use of transpositions as a means of 
relief. 

It is well known that induction from residuals is 
much greater in proportion to the magnitudes of the 
inducing currents and voltages than that from balanced 
components. Some discussion of their origin and pos- 
sible means of control is therefore given. 

For convenience and clearness, and without intent 
to suggest a definition for more permanent use, the term 
“residual’’ is used in this paper to refer to voltages or 
currents that are residual with respect to all the metallic 
conductors properly belonging to the distribution cir- 
cuit. In the case of a particular line, for instance, 
this includes the phase-wires and any associated neutral 
wire carried on the same poles. With cables, the sheath 
is included. It should not be overlooked, however, 
that voltages and currents in the circuit having the 
neutral as one side and the line wires as the other, 
are a distinct class, just as residual voltages and cur- 
rents are distinct from those belonging to the line 
conductors only, and are likely to be characterized by 
large induction coefficients. 

The situations of chief importance, in which residual 
currents and voltages exist in distribution circuits,?are: 
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1. Along single-phase branches from polyphase 
circuits, 

2. Where there are multiple grounds on neutral 
wires, 

38. Where triple harmonics are introduced by 
grounding the neutrals of generators or transformer 
banks in three-phase eircuits, 

4. Where admittances to ground of the phase-wires 

are unequal. : 
To illustrate, consider Fig. 3, which shows a single- 
phase branch on a three-phase, four-wire circuit. This 
single-phase circuit is, of course, entirely unbalanced 
from a voltage standpoint. That is, the star voltage of 
supply is also very closely the residual voltage. If all 
three phases were present, there would be no such in- 
trinsic residual voltage, but with only two phase-wires 
the effect is the same as with one. Not only at the 
higher voltages, such as 11,000 or 13,000, but also 
at the usual voltages of primary distribution, this 
residual voltage may give rise to serious noise in directly 
exposed open-wire telephone circuits. 


SO 


——— 


ll 


Fie. 3—Sinete-PHase Brancw or THree-PHASE CIRCUIT 

The amount of residual current in the case of Fig. 
3, with neutral wire grounded at both ends, depends on 
the division of the load-current between the neutral 
wire and the earth, which is, of course, governed by 
their respective impedances. With the neutral 
grounded at only-one point there is no residual current 
(neglecting capacitance to ground of the phase-wire). 
Were the neutral wire absent, the current would be 
entirely residual. 

With all three. phases present, the residual load- 
current will be reduced by balancing of the load among 
the phases, but with multiple grounds, there often 
remains ample residual load-current to cause inter- 
ference. With only two phases present, equally loaded, 
the effect is the same as with one. It is a well estab- 
lished principle that the ground should not be used as a 
load-current path. 

The arrangement illustrated in Fig. 3, with all phases 
present or with some of them lacking, may also give 
rise to triple harmonic residuals (item 3 above). The 
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presence of a single neutral ground causes the appear- 
ance of triple-harmonic residual voltages and charging 
currents. With one or more additional grounds, these 
residual currents are often much greater. 

In some cases the system may be nominally grounded 
at only a single point, the additional grounds appearing 
more or less incidentally, as when the neutral wire is 
carried along as the sheath of a cable in sections where 
the circuit goes into underground or submarine cable. 
In other cases the system is designed to have multiple 
neutral grounds. An example is the three-phase, 
four-wire system in which a single wire serves as both 
the primary and secondary neutrals. This arrangement 
introduces a large number of grounds on the primary 


neutral because of the grounding at customer’s premises’ 


or on the secondary side of transformers. It is the 
most difficult to deal with of all polyphase distribution 
systems employing a neutral wire. Owing to the im- 
practicability of establishing and maintaining balance 
of loads, this arrangement results in residual load-cur- 
rent even when all phases are present in an exposure. 


N Exposure ve. 


Fic. 4—EQuIvALENT CIRCUIT TO SHOW POSSIBILITIES OF 
RESONANCE OF TRIPLE-HARMONIC RESIDUALS IN T'HREE-PHASBE, 
GROUNDED-NEUTRAL GENERATOR AND LINE 


The distinctive difficulty is due to the residual current 
which as a rule contains both triple and non-triple 
harmonics. 

Another type of situation involving triple-harmonic 
residuals which has recently appeared in several places, 
involves circuits at higher voltages. In these cases the 
power system is usually partly in cable and partly in 
open wire, with the generator connected directly or 
through auto-transformers to the cable plant. The 
generator neutrals and also those of the auto-trans- 
formers, where used, are directly grounded. In several 
particularly interesting cases, it appeared that a con- 
dition of resonance, or of an approach to resonance, 
existed at one of the frequencies of the triple-harmonic 
series between the direct capacitance to ground of the 
underground-cable system and the inductance of the 
generators or generators and transformers. The inter- 
ference was not due to parallels with the underground 
cables, but in these instances appeared in circuits 
exposed to open-wire power circuits connected directly 
to the cables. The situation is sketched diagrammat- 
ically in Fig. 4 which shows the equivalent single-phase 
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circuit of the three phases in parallel with “‘ground- 
return.” It is to be observed that, with appreciable 
direct capacitance to ground beyond the exposure, the 
induction may be due to currents as well as voltages. 
Tests have indicated, in some of the cases which have 
been studied, that both types of induction were of 
importance. 

A remarkable feature about one of these “resonance” 
cases was that the wave form of the generator voltage 
was unusually pure. Analyses of the generator voltage 
showed only a very small percentage of the particular 
harmonic (in this case the ninth) which was prominent 
in the noise in the telephone circuits—so prominent 
at one time that other frequencies could not be noticed 
on direct listening. The condition in which this har- 
monic was so strongly the dominating frequency in 
the noise passed with certain changes in the power sys- 
tem, although this frequency still continued as a promi- 
nent feature. 

In another case, in which the evidence of resonance 
was less striking, the fifteenth harmonic was the domi- 
nant frequency in the noise, although the ninth and some 
of the upper triples were also present. The third har- 
monic was the strongest triple in the neutral current of 
the generator, accounting, in fact, for nearly all of the 
r.m.s. neutral current. The fifteenth harmonic was 
well marked in the line to neutral voltage of the ma- 
chine. The telephone interference factor* of the neutral 
current wave was about 2000, in contrast with values 
of the order of 50 commonly found for load voltages and 
currents. 

Another particularly interesting example, in which 
the power-circuit voltage was 13,000, involved an aerial 
power cable connecting at both ends to open wire and a 
telephone subscribers’ cable, also aerial and at highway 
separation. The power cable went underground at one 
end of the exposure and tests showed that the inter- 
ference, which was of severe character, was due to resid-- 
ual charging current, principally of the ninth harmonic 
frequency, which returned to the source of supply by 
way of the earth rather than along the sheath of the 
cable. This condition was due to the lack of an effective 
ground for the cable sheath between the exposure and 
the supply station. The case is of especial interest as 
illustrating the fact that shielding, even by metallic 
sheaths around both systems of conductors, may, in 
some cases, be quite ineffective, and also because it 
brings out the difficulties which may arise when dealing 
with induction from residual currents. 

These cases and others resembling them have led to 
the application of various means of suppressing or 
reducing the magnitudes of the triple-harmonic resid- 
uals. A familiar and generally effective scheme is the 
provision of a grounding bank of transformers with a 
low-impedance delta and preferably the removal of 
the ground connection from the machine or trans- 
formers giving rise to the residuals. For effective 
results, such a bank should be designed for relatively — 
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low magnetic flux density. Other methods which have 
been found effective involve the introduction of im- 
pedance in the connection from neutral to ground. 
This impedance may consist of a tuned circuit®, where 
only a single harmonic is important, or it may consist 
of a simple reactor. In either case, its magnitude may 
be made small at the fundamental frequency. The 
Petersen reactor or earth-coil, in considerable use -in 
Europe, is an effective appliance for the reduction of 
triple-harmonic residuals.’° 

When a circuit is designed to be isolated entirely from 
ground, residuals arise in it only through differences of 
admittance of the phases to ground. A common 
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example is a single-phase tap on a three-phase line. 
The tap has residual voltage approximately equal to the 
star voltage to ground. In addition, it causes residual 
voltage on the main line. An isolating transformer to 
separate the branch from the main line prevents both 
effects. Serious induction has been experienced where 
tree grounds, defective insulation, etc., cause partial 
phase grounds. One ground, and sometimes more, may 
persist for long periods without affecting the power- 
circuit operation, meantime causing noise. Even high- 
frequency carrier current systems may be greatly af- 
fected by such intermittent ground connections. 
Two-phase systems have characteristics in general 


TABLE I 
COMPARISON OF CERTAIN PRIMARY DISTRIBUTION SYSTEMS FROM STANDPOINT OF INDUCTIVE COORDINATION*# 


System Residualst 
| ; One or Two Wires | 
| All Wires Present Missing ; Facility of 
No. of No. of} No. of Typical ’ Coordination 
Phases Wires| Grounds Diagram . Voltage Current | Voltage Current (all wires present) 
Single- 1 Multiple E E Total | Very difficult 
Phase | + Load | 
= x ) 
) 
2 Single E Charging | Difficult—Residual voltage may 
= be important 
2° | Multiple ) E Part Load | E Total Difficult 
; = 5 == a6 Plus | Load 
ia - = Charging ) 
; } 
Two- 3 None 0 0 0.47 Eor 0 | Good 
Phase | 0.75 E | 
2 1 : 
+ None ) A) 0 _Good—Identical with single- 
phase two-wire 
5 | Single 0 Charging | 0, For | Charging | Good 
| V2E 
5 Multiple 0 Part Load| 0, Eor | Part Load} Difficult. Possible even har- 
; V2E and monic residuals 
Charging 
Three- 3 None 0 0 E Charging | Good 
Phase 
3 Single Triple E Charging | Fair 
Frequency 
3 Multiple Triple E Load Difficult 
= Frequency 
4 Single SL ee Triple E Charging | Fairly Good 
= Frequency 
4 Multiple Triple E Part Load | Difficult 
Frequency and 
and Part Triples 
Load 


*For high voltage three-phase systems factors not here considered may be important. (See text). 
+Residuals arising from differences of admittance to ground, whether due to the configuration of conductors or to accidental leaks, are not included 
in the tabulation. By residual current is meant that part which is in the earth or in remote wire paths. ; 
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similar to the single- and three-phase systems just 
described. The two-phase, four-wire system with no. 
connection between the phases or to ground amounts, 
in effect, to two independent single-phase systems. 
The problem of inductive coordination is thus reduced 
to the consideration of the effects of a single-phase 
circuit having no intrinsic residuals other than those 
due to line unbalances to ground which, for the voltages 
and lengths of circuit in common use, are negligible, 
providing, of course, that the line is maintained free of 
leaks to ground. This system is the simplest of all 
polyphase distribution systems to deal with, from the 
standpoint of inductive coordination. 

The two-phase, three-wire system isolated from 
ground has no intrinsic residuals other than those due to 
line unbalances or to the omission of a conductor. 
The residual voltage, with one phase-wire lacking, is 
approximately 0.75 E’ (E being the voltage to neutral) 
while with the neutral lacking, it is 0.47 H. In at least 


one instance where a circuit, partly four-wire and partly . 


three-wire, was operated as two-phase, three-wire by 
paralleling two wires in the four-wire portion, large 
admittance unbalance and induction resulted. 

The two-phase, five-wire system, (really a four- 
phase symmetrical system), is similar to the three- 
phase, four-wire arrangement except that triple harmon- 
ics cannot appear as residuals, which is, of course, an 
advantage. If, however, even harmonics are present, 
the fourth and its integral multiples may appear as 
residuals, while the second and its odd integral multiples 
may appear in the metallic circuit, each side of which 
consists of two phase-wires in parallel. This system, 
with multiple neutral grounds, has essentially the same 
possibilities as the three-phase, four-wire system as 
regards residual currents due to load unbalances. The 
omission of two phase-wires of opposite phases causes no 
residuals. The omission of one or three produces a 
residual voltage equal to the star voltage. 
~ To summarize this comparison of the various types of 
distribution circuit, Table I has been prepared to show 
the residuals encountered in thirteen different cases and 
the corresponding problem of coordination. Balanced 
currents and voltages are not included, as their treat- 
ment is much the same for the several systems described. 
The relative desirability of the several arrangements 
from the standpoint of power-system operation .ex- 
clusively is not taken into account, and it is realized 
that the preferences indicated are doubtless not the 
same as would be arrived at by consideration from that 
point of view. 

Although the paper is concerned primarily with a 
consideration of different kinds of power-distribution 
systems in an attempt to develop their characteristics 
which react on telephone circuits, (a point of view in 
keeping with a general discussion of power distribution, 
of which this paper forms a part), a brief statement 
relating the properties of the telephone plant to the 
problem may be helpful. This subject is being studied’ 
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in detail by the Joint Subcommittee on Development 
and Research, previously mentioned. 

The benefits and limitations of metallic cable sheaths 
for reducing the .susceptiveness of telephone circuits 
have already been discussed. In cables, both local and 
toll, direct induction in the metallic circuit is negli- 
gible; noise appears in the metallic circuit as the result 
of the action, upon unbalances in lines or equipment," 
of induction in “ground-circuits” (7. e., circuits having 
the metallic circuit conductors as one sideand groundas 
the other). These are self-unbalances to ground of the 
particular circuit under consideration, or unbalances 
between it and the other ground-circuits. 

Telephone-line conductors, whether in cable or open 
wire, are designed to have the two sides of the circuit 
closely alike, so that the accidental unbalances inherent 
under actual construction and maintenance conditions 
are the only ones requiring consideration. Intricate 
transposition systems for open wire,* and elaborate 
arrangements for twisting cable pairs and splicing cable 
sections together, are examples of this design. Com- 
plete elimination of these accidental unbalances is, of 
course, impracticable. 

In the cord circuits used in eonnecune subscribers 
together, there are small self-unbalances at the central. 
office, but these are not sufficient to be a factor in the 
production of noise except in unusual cases of severe 
exposure. The necessity of guarding against noise and 
crosstalk from sources within the telephone plant 
involves many of the same considerations that are ~ 
pertinent to this problem and has led to the limitation 
of these unbalances. 

At subscribers’ stations, there are unbalances due to 
grounded ringers on some types of party-line circuits and 
to coin-collect relays in some classes of service. Un- 
balances, due to ringers, may be reduced by the use of 
ringers of higher impedance than the standard, de- 
veloped for this purpose, and some application of 
these higher impedance ringers has been made in 
working out specific cases of interference. Other 
possibilities for party-line stations exist, involving 
additional relays or other apparatus at the subscribers’ 
stations. 

CONCLUSION 

1. The relationships of power distribution and 
telephone circuits are extremely intricate and varied, 
involving many considerations of the details of design 
Both systems are expanding rapidly, 
having a common goal of universal nation-wide electric 
service. : 

2. ‘The location, design, construction, operation, and 
maintenance of both systems require careful considera- 
tion from the standpoint of safeguarding properly the 
public, the employees, and the physical plant as well as 
suitable provisions for meeting present and future 
requirements for both services in an adequate and 
convenient manner. 

3. Residual currents in power-distribution systems 


Sept. 1925 


are an outstanding source of inductive influence both 
at voice frequencies, and, under transient conditions, 
at the fundamental frequency. Under normal operating 
conditions, the limitation of residual currents appears 
to be largely a matter of the type of distribution system 
used. Under abnormal conditions, their limitation is a 
more difficult problem but still very much dependent 
on the type of distribution system. 

4. With telephone toll-circuits, avoidance of severe 
exposure by choice of locations for both classes of lines 
is usually possible and the most satisfactory measure of 
prevention or mitigation. 

5. The use of telephone cables with continous 
metallic sheaths, grounded continuously or at terminals, 
is a very helpful measure. 

6. Experience indicates that interference is not 
produced by exposures to power circuits in under- 
ground cable. The combination of underground cable 
in grounded-neutral systems with an open-wire power 
circuit in exposures has produced severe interference 
conditions in a number of cases. Aerial power cable 
with sheath adequately grounded is similar to under- 
ground cable from the standpoint of inductive effects 
but may give rise to interference if the sheath is not 
grounded in the proper manner. 

7. <A well-organized scheme of joint study and re- 
search covering the numerous engineering problems 
of coordination is in progress. While this study should 
result in the development of technical information of 
general applicability, the solution of existing inter- 
ference problems is not attainable by any simple general 
rule, but only after careful analysis of the respective 
plants as actually constituted, to find the most practi- 
cable measures for relief applying to the specific case. 
Such solutions must be adequate to provide reasonable 
margins of flexibility in operation. 


. 8. The design and construction of new plants for. 


both classes of service, and the choice of measures of 
relief in existing cases, should be guided by a sense of 
‘common responsibility to insure successful coordination 
in the period of great growth that is anticipated. To 
this end, the exchange of information and joint plan- 
ning by power and telephone engineers, in advance of 
the crystallization of designs, is obviously the only 
practicable method of handling the problem. 
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Discussion 


H. S. Phelps: Messrs. Trueblood and Cone have very ably. 
and clearly pointed out the importance of the type of power- 
distribution system in the matter of inductive coordination. 
This importance is recognized, and as the problem is better 
understood, more and more attention is being given it. It seems 
to me, however, that they have not placed sufficient stress upon 
another equally important feature—namely, the characteristics 
of the telephone system. 


The ideal arrangement, of course; would be, first, a power 
system without residual currents or voltages, with the eonductors 
very close together; such a system would be closely approached 
by using multi-conductor cable, where all the current was foreed 
to return in the conductors; second, a telephone system without 
any impedance unbalance in the metallic circuit or admittance 
unbalance between the two sides of the cireuit to ground. In 
this desirable telephone system the subscriber’s set should not 
require utilization of an unbalanced ground connection for 
ringing. Connecting such an instrument to the system by 
means of a well designed and carefully installed cable circuit, 
to a well balanced central-office cord cireuit would likewise 
materially improve the situation. 


An ideal power system would not produce longitudinal voltage 
in neighboring telephone circuits, and therefore could not cause 


noise in the telephone system, regardless of telephone circuit 


unbalanees. On the other hand, an ideal telephone plant would 
not be susceptible to induced longitudinal voltages, and therefore 
could not be affected by any distribution system during normal 
or abnormal conditions, unless the induced voltages were of a 
magnitude to constitute danger to life or property. 


Since neither ideal system is necessary or practical, it remains 
to determine how far either system may depart from the ideal 
without placing serious limitations and burden on the other. 
In order to ascertain the technical facts underlying this problem, 
the joint Development and Research Committee of the National 
Electric Light Association and American Telephone and Tele- 


‘graph Company has been carrying on work under one of its 


projects at Minneapolis for over a year. 

Although many interesting and useful results have been ob- 
tained, it would be premature to attempt outlining any of 
these at this time. However, it is expected that an interim 
report will be issued in the early spring’ covering the major 
findings of this work. 

The considerations outlined for coordination of the telephone 
circuits with a distribution system apply in the same manner to 
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the problem of induction from a lighting system discussed in the 
paper by R. G. MeCurdy.! 

P. D. Jennings: I gather from reading this paper and from 
an informal talk with Mr. Cone that the residual higher har- 
monie currents are the ones that give the most trouble. I 
should like to ask why resonance shielding on substation ground 
circuits might not take care of most of this trouble. As an 
example, suppose in a particular substation, our oscillograph 
records show that the ninth and fifteenth harmonics are pre- 
dominant. It occurred to me that a resonant shield might be 
used to resonate out the ninth and the fifteenth harmonies on the 
substation ground and in that way eliminate most of the trouble. 

A. A. Williamson: Mr. Cone referred to the relatively 
greater freedom from inductive interference that is usually 
experienced when both the power and the telephone circuits are 
in cable. Cases sometimes arise, however, where interference is 
experienced between the two classes of circuits when they are 
both in cable, and such eases are usually of somewhat more than 
ordinary interest. A very brief reference is made to such a case 
in the paper and it seems to me that a few words of additional 
deseription of the conditions in that case would be interesting. 

In this instance, power at 13,000 volts was supplied directly 
by a three-phase generator, connected in Y and with the neutral 
grounded, to two open-wire circuits, branching and each supply- 
ing 13,000-volt power to a substation. The power company 
decided to provide a tie between the two substations and con- 
cluded that in this case the tie should be of cable. The tie when 
installed was approximately 1.65 mi. in aerial cable, and about 
0.7 mi. in underground cable. The sheath of the underground 
cable was, of course, well grounded, but was not connected in 
any way to the neutral. of the generators. This cable tie 
paralleled in its aerial portion an aerial telephone cable. 

As soon as the tie was energized, interference was noted in the 
telephone circuits. An investigation showed that the sheath 
of the aerial power cable was also grounded at intervals with 
driven grounds but that these grounds were of rather high 
resistance so that the residual charging current flowing into the 
cable sought ground and returned to the generating station 
through the low-resistance ground afforded by the sheath of the 
underground portion of the cable. Thus the charging current 
flowed through the parallel as residual current and produced 
interference. By installing a low-resistance ground on the 
sheath of the aerial portion of the power cable, at the end more 
remote from the underground portion, the induction was very 
greatly reduced. The reason for this was that with the additional 
ground in place, the charging current flowed through the capacity 
of the wires to the sheath and back over the sheath. Thus, 
in each part of the parallel, there was a return path for the 
charging current flowing out over the three-phase wires and in- 
stead of acting as a residual current, it became a balanced 
component. This case illustrates the effect of residual current 
in causing induction sometimes of serious magnitude even 
when both classes of circuit are in cable. 


I should like also to cite very briefly a case with which I 
happen to have had intimate contact on the Atlantic Seaboard. 
This case illustrates the importance on the induction problem 
of unbalanced load current flowing in the ground. In this 
instance, a 4000-volt, three-phase, four-wire distribution system 
with the neutral grounded at the point of supply paralleled in 
open-wire construction an aerial telephone cable. The parallel 
was about 8000 ft. in length; it was joint construction and at 
the end of the parallel more remote from the point of supply to 
the power system, the three-phase, four-wire circuit entered 
underground power cable. At that point, the neutral wire of the 
three-phase, four-wire system was connected to the underground 
eable sheath. As the sheath of the underground cable was well 
grounded, it could be seen that any current in the neutral due to 
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unbalance of load between the three phases would return to the 
power station both by way of the neutral and by way of the 
ground, the division of current in the two paths being in ap- 
proximately inverse proportion to the impedance of these two 
paths. 

In this case, measurements were made of the interference on 
party line subscribers’ circuits in the telephone cable, and ap- 
proximately 900 standard noise units were found at the sub- 
Owing to the excellent cooperation of the 
power company in this case, it was possible during the investiga- 
tion to disconnect temporarily the power cable from the aerial 
portion. When this was done, the path for the unbalanced load 
current to return through the ground no longer existed. Under 
this condition the induction was reduced to about one-third of its 
former value. 

This case seems to illustrate very well the effect of unbalanced 
load current when it can return through the ground. The use of 
power cable with the sheath connected to the neutral wire is only 
one of the ways in which a path may be provided for unbalanced 
load current to return through the ground. Whenever the neutral 
wire of a three-phase, four-wire system is grounded at several 
points, this same opportunity exists and experience has indicated 
that itis usually one of the most important features from an 
induction standpoint. 

K. L. Wilkinson: In practically all cases telephone sub- 
seribers are users of electric light and power service. Therefore, 
the companies, in order to serve these customers in distribution 
areas, must of necessity have their overhead lines in close 
proximity to each other. The problems arising therefrom are 
mutual ones since they involve the rendering of both services to 
these common customers in a safe, adequate, and economical 
manner. It seems to be now generally appreciated that these 
problems require cooperative consideration by the two utilities 
in order to be successfully solved. The advantages of this co- 
operative treatment have generally been recognized throughout 
the country, and the splendid cooperation between the operating 
utilities in the field is producing most satisfactory results. 

Now, in order that these individual efforts in the field may be 
most successful, it is desirable that all parts of the country know 
what is going on in al] other parts of the country and be in a posi- 
tion to have made available to them all of the data and informa- 
tion which would shed any useful light on the problem. To this 
end, some four years ago there was organized the Joint General 
Committee of the National Electric Light Association and the 
Bell Telephone System. This Committee was to investigate the 
physical relations between electric supply lines and communica- 
tion lines, and to develop principles and practises for the guidance 
of the operating companies in solving their day-by-day problems. 

The Joint General Committee has at its disposal all the operat- 
ing experience of the country and has, as you know, published 
Principles and Practises for Inductive Coordination of Supply and 
Communication Systems. 


The principles which have been developed are nothing new; 
they are based on the operating experience in their day-by-day 
work in coordination of the two systems. 

One of the most important, I think, is the principle of coopera- 
I thought of that particularly 
when Mr. Heinze mentioned the growth and development of the 
power systems in the distribution areas, the inereasing load 
density and the fact that nearly everybody now has a tele- 
phone and every telephone must be a part of a system that 
operates throughout the United States, so that any one telephone 
in any one part of the country ean be connected with any other 
telephone in the system. 


If we are going to have the best and most economical power 
system to supply the people with electric light and power, 
and if we are to achieve the ideal of universal communication 
throughout the country, it is absolutely essential that locally - 
and nationally we establish and maintain the closest contact 
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between the two utilities in order that the public may obtain 
the fullest benefits of all of our engineering knowledge and 
experience. 


The Joint General Committee, in approaching the problem, 
established one thing clearly and that was that each party should 
be the judge of his own service requirements and what was nec- 
essary to serve his customers. Next to that was the duty of co- 
ordination; that is, each party should so conduct his business 
as to be less productive of adverse influence on the other system; 
and, the system should be as free as practicable from things 
which would make it capable of being adversely affected. 


I think that if we bear these major thoughts in mind,—first, 
that each is the judge of his own service requirements, and sec- 
ond, that we have a mutual duty toward the public to see that 
they get safe, adequate, and economical service,—then the neces- 
sity of planning well in advance so that the situation does not get 
out of hand will be fully appreciated and we shall be promoting 
the best interests of the public in getting these two necessary 
services. 


F. O. McMillan: Would it not be advisable to include in 
this paper under the three-phase transformer connections, some 
reference to both the primary and secondary winding connections, 
because of the fact that the third-harmonic magnetizing current 
and all multiples of the third harmonie in Y-delta-connected 
transformers are very nicely cared for when the delta connection 
is used on either side of the transformer? 


S. B. Hood: In the paper I note, in the tabulation of the 
relative ease of coordination of the different systems, that almost 
without exception, the power system which is easiest to coordi- 
nate is the very system which the power man does not want to use. 

Now that means that we must have a cooperative spirit of give 
and take. 
good for the telephone man as for the power man. Just where it 
is, I don’t know. I don’t think it has ever been discovered, but 
we certainly have to work in a true cooperative spirit toward that 
end. 


M. T. Crawford: Mr. Cone refers to the possibility of a 
slight ground which persists for some length of time as being a 
very serious source of interference when it occurs on the primary 
system. 


I believe that practical experience will bear me out that on a 
grounded-neutral primary system it is almost impossible for a 
slight ground to persist for any great length of time. 
ground on the grounded-neutral system is a short circuit and very 
soon develops into something that will trip the switch out. That 
would be an argument in favor of the grounded-neutral system as 
being superior from the point of telephone interference. 


I should like to ask Mr. Cone what he considers the principal 
objection to raising somewhat the 5000-volt limitation which is at 
present observed in connection with joint-pole construction of 
light-and-power and communication circuits. This, of course, 
is an'old question, but it seems today to assume a new aspect 
inasmuch as there is here evident such a willingness to cooperate. 
Perhaps the difficulties of joint-pole construction on voltages 
over 5000 have been where the distribution work of the light and 
power companies was not planned far enough in advance to take 
into account the telephone company problem. 


The Puget Sound Power and Light Company now operates on 
a part of its system a commercial telephone system which was 
taken over in connection with the purchase of a smaller com- 
pany. On this system we have 6600-volt primary distribution 
on our own poles in combination with our own telephone service 
lines. We have been able to live very well with ourselves under 
such conditions. 


L. J. Corbett: I wish to second Mr. Hood’s remarks in 
regard to cooperation in spite of the suggestion which has been 
made that a wave of propaganda is upon us. 
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I have observed that the telephone men have studied the 
theoretical part of power transmission and d’ztr'oution rather 
thoroughly. But very few power men study the telephone 
problems thoroughly. If we did and suggested to the telephone 
companies how to operate their systems, it might be taken in the 
same spirit as that in which the power men receive suggestions 
from the telephone men as to. how they might operate their 
systems. 

The ideal manner of handling the inductive-coordination 
problem would be realized if the same interests owned both the 
communication system and the power system. If this were true 
they would be compelled to get together and determine the 
accurate economic solution in each ease. 


In California we act under the California Railroad Commission. 
The order of the commission is a state law, and under that law 
we are ‘required to cooperate.’ We find that this cooperation 
really works both ways. It is notalways merely doing that which 
is requested by the telephone company; we do a little telephone 
engineering ourselves, although not in a very aggressive way. 
When the telephone company suggests coordinating measures, 
as a rule we put them in when it is possible without unreasonable 
expense. 

If, from our standpoint, they do not appear reasonable, or if 
some construction or operating difficulty is involved, or a higher 
unjustifiable expense is indicated, we raise the question as to 
whether or not the benefits to be gained by these measures are 
worth the expense and trouble involved. When such communi- 
cations reach telephone company officials, the requests are usu- 
ally modified or dropped. 


The beauty of the California law is that public interest comes 
first, and the cost of any of these coordinating measures is 
reflected in the rate. In this manner the public is the final 
unifying agent or manager and the holder of the purse-strings. 


F. H. Mayer: Mr. Cone raised some objection to the ground- 
ing of the neutral return on 4-ky. distribution systems. It is the 
practise of the Southern California Edison Company to ground 
the neutral at numerous points throughout the distribution 
system to enable the secondary voltage to remain somewhere 
near a safe value should the return cable become broken. The 
driven pipes will tend to span the gap and thus prevent the Y 
connection from straightening out to a straight delta connection. 
If the loads on the different phases are carefully balanced there 
ought not be any communication disturbances. 


H. M. Trueblood: Iam sure we can all endorse the attitude 
expressed in Mr. Phelps’ discussion, namely, that the solution of . 
the problem consists essentially in finding the degree to which 
ideal systems must be approximated. 


. Mr. Phelps’ reference to the joint investigation at Minneapolis 
should, I feel, include mention of the Northern States Power 
Company and the Northwestern Bell Telephone Company as 
participants. The progress which has been made in that work 
is due in no small degree to the effective cooperation and assist- 
ance of these two companies. 


As regards the suggestion that the paper does not lay sufficient 
stress on the characteristics of the telephone system, 1 wish to 
say that there is no desire to ignore this phase of the problem. 
The paper has been presented as one of a group dealing with 
various aspects of power distribution and, as such, it does not 
purport to discuss telephone-system characteristics except 
incidentally. 


With reference to Mr. Jennings’ inquiry, I know of at least one 
ease in which the measure which I believe he has in mind was 
applied successfully. In this instance, there were two. harmonies 
to be taken eare of, the 15th and the 38rd, and two antiresonant 
elements, each consisting of a condenser and an inductance in 
parallel, tuned respectively to the frequencies of these two 
harmonies. They were connected in series between the neutral 
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of a 18,000-volt generator and a grid resistance of low value, 
the other terminal of which was grounded. The exposure 
involved was about 3 mi. long at a separation of some 30 ft. I 
have been informed that effective reductions were obtained in 
the noise, previously quite severe, and that the arrangement has 
proved satisfactory from a power-operating standpoint. 


Mr. MeMillan refers to the omission of reference to the effects 
of delta windings. Because of the rather extensive ground 
covered in Table I, it was necessary to simplify the table and to 
make some selection among the different features that might be 
included. Of course, delta windings on transformers do affect 
the magnitudes of the triple-harmonic voltages and currents 
that appear on the lines; but this effect may be either to increase 
or to diminish the magnitudes of the line residuals of these fre- 
quencies, depending upon the locations of the transformers 
concerned and the conditions of grounding. Of the systems 
summarized in the table, those presenting the greatest difficulties 
in coordination are ones in which the load currents are, more 
important than excitation currents, and, of course, the transformer 
connections are immaterial, so far as load currents are concerned. 


Mr. Hood and others have remarked that the distribution 
systems classified in the paper as presenting the greatest facility 
of coordination are not those which a power company would 
ordinarily adopt if nothing more than the distribution of power 
were involved. Without attempting to pass judgment on the 
relative mecits of different systems from the latter standpoint, 
I believe we should not be surprised that a conflict of this char- 
acter is found to exist. This is an essential feature of the situ- 
ation with which we are confronted at the present time. In 
fact, we have an inductive-coordination problem largely because 
types of systems which are deemed advantageous from one stand- 
point may not be so from the other. Mr. Hood’s inference from 
the situation to which he refers is substantially the same as that 
arrived at by Mr. Phelps, and I find no difficulty in coneurring 
in it. 

Mr. Hood has referred to the use of multiple grounds on the 
neutral as a stabilization proposition. While stabilization may 
be the principal purpose in using the multiple-grounded neutral, 
it is unfortunately true that this does not prevent the setting up 
of residual load currents. 


In his remarks applying to Mr. MeCurdy’s paper, as well as to 
that by Mr. Cone and myself, Mr. Heinze refers to the question 
of cooperation between the telephone company and the other 
electric utilities. It is true that most telephone engineers who 
have had to do with the inductive-coordination problem keep 
prominently before them the idea of cooperation. That is 
because it appears to us that no other method of approach can be 
successful. While this is more nearly self-evident now than it 
was some years ago, it is so important that one feels justified in 
laying stress upon the idea. The same thought has been ex- 
pressed more than once by power engineers in the discussion of 
these papers. 


Mr. Heinze asks how far the telephone company will go in,this 
cooperative endeavor. As to the general spirit and attitude of the 
Bell System, I will merely remind you that for a number of years 
it has gone to considerable trouble and expense to adapt itself to 
circumstances which have arisen because of situations of proxim- 
ity between its circuits and power circuits. That this willingness 
to cooperate in the fullest way will be maintained in the future 
seems to be sufficiently evidenced by the adoption of principles 
and practises by the Bell System and the N. E. L. A., under which 
cases are now being handled generally throughout the country, and 
by the undertaking of a joint research investigation to determine 
the fundamental physical and engineering factors which enter into 
the inductive-coordination problem. “The work at Minneapolis 
is one project in this general research program, and other projects 
are under way in different parts of the country. As to division 
of cost, it must be recognized that after the correct engineering 
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solution of a given ease has been found, the question of an 
equitable division of the expenditure necessary to put it into 
effect will arise. This phase of the problem has so many rami- 
fications that anv attempt to summarize it here might be mis- 
leading, and a comprehensive discussion would earry us much 
beyond the field with which the paper is concerned. 


In conelusion, I wish to make it clear that Mr. Cone and 
myself have attempted nothing more than to analyze the prob- 
lem in a preliminary way without going into detail, and to bring 
out the technical facts known to us as we see them. Mr. 
McCurdy, I am sure, would agree with this attitude. 


D. I. Cone: Mr. Crawford spoke of the interference that 
arises from accidental grounding of one phase wire. Ona three- 
wire system normally isolated from ground, such conditions may 
persist for days at a time, or longer. ‘This can be prevented by 
suitable maintenance measures. On the other hand with the 
grounded-neutral system the tendency is for such accidental 
contacts to develop into short circuits and to operate the circuit 
breakers. From the discussion by Messrs. Crawford and Cun- 
ningham it is evident that the local conditions immediately 
surrounding an accidental ground contact cause great variations 
in contact resistance and resulting ground current. 


Mr. Crawford has raised the question of joint use at higher 
voltages than have been customary in the past. Many of you are 
doubtless aware that the subject of conditions of joint use is under 
active study by the Joint General Committee of the N. E. L. A. 
and the Bell Telephone System. We do, of course, recognize 
that there are some special cases where joint use of poles at 
higher voltages is the best engineering solution to meet the 
conditions of a particular problem and in such eases joint use is 
being approved. 


Mr. Crawford also stated that his company had lately acquired 
a combination power and telephone distribution system with the 
power lines operating at 6600 volts. Our. experience has not 
been encouraging as to the conditions of noise and hazard that 
obtain in such cireumstances. 


There are, of course, differences of opinion in respect to the 
question of protection from the hazards of power distribution. 
I wish to suggest, first, that higher voltages are ordinarily em- 
ployed in distribution for longer distances and larger loads and, 
second, that this inevitably means either extraordinary measures , 
to prevent hazard and impairment of service or else lowered 
standards. It is our view that advance planning will enable us 
to avoid to a great extent the necessity of joint use at the higher 
voltages. Meanwhile, any specific situation that arises we are 
more than ready to consider. 


Mr. Corbett has described the working out of cooperative 
consideration of specific cases in California. As he states, the 
best results are obtained when the reactions of proposed measures 
are thoroughly considered by both parties. Suggestions arising 
from the study of these problems by the power engineers are - 
I think it fair to say that the working 
together in California is not merely a matter of compliance with 
regulations but a realization that it is the rational way for the 
power and communication utilities to solve these problems. 
Mr. Mayer’s discussion brings out the fact that there are con- 
flicts to be adjusted between the requirements of the communica- 
tion and power distributions and that the degree of detriment 
from multiple grounding depends upon several factors in the 
layout of the systems. Mr. Mayer’s point about the -use of 
multiple grounds on the primary neutral for stabilization has 
also been brought out by Mr. Hood. While recognizing that 
accurate balance of loads might prevent detrimental induction 
in communication circuits so long as all phases are 
present, we must not overlook the facts that setting up and 
continuously maintaining such close balance is not a simple 
matter and that exposures often oceur where only one- or two- 
phase wires are involved. ; 


Induction from Street Lighting Circuits 


Effects on Telephone Circuits 
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Synopsis.—This paper discusses series street lighting circuits 
from the point of view of their relations to nearby telephone circuits. 
These bighting circuits often have a much greater inductive influence 
in proportion to the amount of power transmitted than have most other 
types of power distribution or transmission circuits. This is due to 
the relalively large distortion in wave shape of voltage and current 
on certain types of these lighting circuits, and to the unbalanced 
voltages to ground which occur with series layouts. Three general 
types of lighting circuits are discussed. These are a-c. arc circuits, 


d-c. arc circuits supplied by mercury arc rectifiers, and alternating- 
current incandescent circuits. Of these, the incandescent type of 
circwit, in which the lamps are equipped with individual series 
transformers or auto-transformers, ts the most important in this re- 
spect. Measures for reducing interference from these circuits are 
discussed. It is hoped that the information given in the paper will 
be useful to power and telephone engineers in their cooperative 


efforts to solve these difficulties. 
ES * * * * 


INTRODUCTION 


NDUCTIVE interference from series street-lighting 

circuits was one of the first interference problems 

which confronted the telephone engineer and arose 
very early in the development of the power and tele- 
phone industries. Then, as now, these lighting circuits 
contributed a much larger amount of interference to 
exposed telephone circuits in proportion to the amount 
of power transmitted than most other types of power 
distribution? or transmission circuits. This is due to 
the relatively large distortion in wave shape of voltage 
and current on certain types of these lighting circuits, 
and to the unbalanced voltages to ground which occur 
with series layouts. Exposures of telephone circuits to 
this type of power circuit occur more frequently in or 
near towns which are naturally the terminals or re- 
peater points of toll telephone circuits, which tends to 
emphasize the importance of this kind of exposure. 
Moreover, these exposures are often irregular, the 
layouts being frequently changed due to adding and 
removing lamps, which makes it difficult, and often 
impracticable, to coordinate transpositions in the 
lighting and telephone circuits, a remedy commonly 
employed in other types of inductive exposure. 


Three types of series-lighting circuit are of interest 
in this problem and are discussed in detail later in the 
paper. These are a-c. arc circuits, d-c. arc circuits 
supplied by mercury arc rectifiers and a-c. incandescent 
circuits. The last type of circuit may also. be divided 
into two classes in one of which the lamp filaments are 
metallically in series with the line and the second in 
which they are connected to the secondaries of individ- 
ual series transformers or auto-transformers. In the 
straight series circuit the lamps are bridged by film 
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cut-outs which break down and close the circuit when 
the lamp fails; in the individual transformer or auto- 
transformer type the transformer is usually operated 
with open-circuited secondary in case of lamp failure. 
High-current lamps of the higher candle-power ratings 
are normally used in connection with the individual 
transformer type of circuit. . 

The a-c. arc is now practically obsolete and very few 
installations remain. In the present state of the art, 
the d-c. are and the high candle-power incandescent 
circuits with individual transformers are used mainly 
for high-intensity “white-way” lighting in downtown 
districts, where both the supply and telephone circuits 
are in cable. Lighting circuits in the outlying districts 
of cities where both the lighting and telephone circuits 
are of open-wire construction are more often of the 
straight series incandescent type. This is a fortunate 
circumstance with respect to inductive interference 
which will be apparent from the detailed discussion of 
the characteristics of the various systems. However, 
a serious problem is presented by the number of cases 
which occur where both the lighting and telephone . 
circuits are in open-wire and the lighting circuits are 
either of the are lamp type supplied by mercury are 
rectifiers, or of the incandescent-lamp type equipped 
with individual transformers. As the general trend 
of development is toward the use of higher intensities 
and toward the extension of highway lighting, the 
importance of the problem seems to be increasing. 

While there are a few cases in which these series 
circuits are supplied directly from constant potential 
sources, as a rule a constant-current regulating trans- _ 
former or regulating reactor is used to maintain a 
constant current, the terminal voltage varying with the 
load. The reactance of this transformer is normally 
large as compared to an ordinary constant potential 
transformer, particularly when the circuit is only 
partly loaded, which is often the case in order to 
provide for flexibility and growth. The reactance of 
this regulating transformer has an important effect on 
the wave shapes in the a-c. circuits. 

In the discussion which follows, the different types 
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of circuit are treated separately. Multiple street- 
lighting systems are not discussed in this paper as it is 
considered that the problems involved are not materi- 
ally different from those arising with other multiple 
lighting systems. 


A-C. ARC CIRCUITS 


Distortion of wave-shape in a-c. are circuits is chiefly 
due to the non-linear characteristics of the are.? On 
account of the high reactance of the constant-current 
regulator, the current wave is maintained approxi- 
mately sinusoidal. Every time the current wave passes 
through zero, it is necessary for the voltage to build up 
in order to reestablish the arc; the voltage then de- 
creases as the current increases to its maximum. The 
voltage again increases as the current decreases, a 
second maximum of voltage being reached just before 
the current passes through zero. The voltage wave 
thus contains two peaks in each half wave occurring 
immediately before and after the current goes through 
zero. Asaresult, the voltage wave on the circuit con- 
tains a complete series of odd harmonics, the magni- 
tudes decreasing with increasing order but continuing 
large within the voice-frequency range. 

Each lamp on the circuit contributes to the distortion. 
If the lamps are distributed approximately uniformly 
along the circuit, the harmonic voltages to ground at the 
regulator terminals will be equal and opposite, and the 
voltage to ground at the middle of the circuit will be 
zero. Aside from the length and other physical di- 
mensions of the exposure, it is evident that the magni- 
tude of the induced effects will depend upon whether or 
not both wires of the lighting circuit are present, the 
total voltage of the circuit, and the location of the 
exposed section with respect to the terminals of the 
lighting circuit. 

If the exposure involves only one wire of the lighting 
circuit near either of its terminals, the induced effects 
are liable to be severe; if near the middle of the circuit, 
the effects are relatively smaller. If two sides of the 
circuit are present, the voltages to ground are equal and 
opposite provided an equal length of wire and an equal 
number of lamps are in each side within the exposed 
section and between the exposed section and the 
constant-current regulator. The magnitude of the 
harmonic voltages between the two wires depends upon 
the number of lamps beyond the exposed section. With 
such symmetrical lamp circuit layouts it is generally 
practicable to reduce the induced disturbances to toler- 
able magnitudes by means of transpositions in both 
lines, provided the separation is not less than the width 
of a highway. Since each lamp contributes to the dis- 
turbance, lamps occurring within the exposed section 
must be treated as discontinuities. This makes co- 
ordination difficult, particularly if the number of 
telephone circuits is large. Such an arrangement also 
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makes for inflexibility in the lighting circuits, as in 
adding or removing lamps the symmetrical arrange- 
ment must be maintained. 

Another method of coordination which is more satis- 
factory when conditions permit its application, is the 
use of a series transformer to isolate the exposed section 
from the remainder of the circuit. The harmonic 
voltages acting on the exposed section will then be only 
those due to the lamps on the secondary of the series 
transformer and dissymmetry on the primary side will 
not contribute to the induction. The symmetrical 
layout need then be applied only to the secondary side. 
Replacing the are lamps on the series transformer 
secondary with incandescent lamps without individual 
transformers and equipped with film cutouts, constitutes 
an effective remedy. 

With open-wire lines it is generally difficult, at high- 
way separations, to reduce the noise to tolerable magni- 
tudes unless the exposures are short. Under joint use 
conditions it is ordinarily impracticable to reduce the 
noise satisfactorily without replacing all or part of the 
are lamps. It is fortunate, therefore, that the 
use of the a-c. are lamp for street lighting is 
rapidly disappearing. 


D-C. Arc CIRCUITS 


Distortion of wave-shape in d-c. are circuits is 
principally due to the characteristics of the mercury 
are rectifier. As there are no reversals of current 
through the arc lamps and the changes in line current. 
are comparatively small, changes in the resistance of 
the lamp ares with change in current have a practically 
negligible effect in causing wave-shape distortion. The 
voltage and current waves set up by the rectifier 
contain a ripple of double the frequency of the a-c. 
supply with single-phase rectifiers and of six times the 
a-c. supply with three-phase rectifiers. Odd and even 
harmonic frequencies of this fundamental ripple are also 
present. 


In order to maintain the are, a sustaining reactance 
is required in the single-phase rectifier. This reactance 
damps out the ripple and its harmonics to a large extent. 
If the lighting circuit contains an appreciable length of 
cable between the rectifier and the open-wire section, 
the harmonics will be still further reduced. 


Since the harmonic voltages and currents are im- 
pressed at the lighting-circuit terminals, if the lamps are 
distributed uniformly around the circuit, the harmonic 
voltages to ground at the circuit terminals will be equal 
and opposite and the voltage to ground will be zero at 
the middle of the circuit. The voltage distribution is 
thus the same as with the a-c. are circuit. 


The discussion given above in connection with the 
a-c. are circuit of symmetrical layouts and two-wire 
circuits within exposures applies also to the d-c. are 
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circuit, except that the series transformer cannot be 
used and that symmetry must therefore extend through 
the whole circuit. 

While the wave-shape distortion in these circuits is 
less serious than in a-c. are circuits, coordination is 
very difficult when the exposures are severe, as when 
open-wire lines are joint. 


A-C. CIRCUITS WITH STRAIGHT SERIES INCANDESCENT 
LAMPS 


If it were not for the distortion in lamps and as- 
sociated equipment the wave-shape of any series a-c. 
circuit, regulated for constant current, would be better 
than that of the constant potential source from which it 
issupplied. This is due to the reactance of the constant 
current regulator which interposes a high impedance to 
the harmonics in the constant-potential supply. With 
straight series incandescent lamps this condition is 
substantially realized. While the resistance of the 
filaments changes with the temperature and thus with 
the current, the changes within a cycle are very small 
and the resulting distortion is negligible. A number 
of instances have been noted® where the telephone 
interference factors of the voltage waves of such 
circuits were from one-fourth to one-half the factors of 
the constant-potential supply sources. 


Unless rather severe exposures with single-wire light- 
ing circuits are involved or the telephone interference 
factor of the constant-potential supply is. very high, 
induction into telephone circuits from circuits of this 
type is small. Where induction does exist it is usually 
practicable, by revising the circuit layout as discussed 
in connection with the a-c. are circuit, to reduce the 
voltage to ground.. Obviously the departure from 
symmetry of layout can be much greater for a given 
exposure than for either type of are circuit. 


A-C. CIRCUITS WITH INCANDESCENT LAMPS INDIVID- 
UALLY EQUIPPED WITH SERIES TRANSFORMERS, 
AUTO-TRANSFORMERS OR BRIDGED REACTANCE COILS 


Under normal conditions, with all lamps in service, 
this type of circuit, from the induction standpoint, is 
practically the equivalent of the straight series circuit 
discussed above. Harmonic exciting currents required 
for either the individual transformers, auto-transformers, 
or bridged reactance coils are largely supplied by the 
local circuits through the lamp filaments. Important 
wave-shape distortion in this type of circuit occurs 
only when the secondary circuit of the individual 
transformer opens due to failure of the lamp filament. 
When the secondary circuit opens, the full line current 
becomes exciting current in the primary, greatly over- 
exciting the core. Because of the high impedance of the 
series circuit including the reactance of the constant- 
current regulator, the line current remains approxi- 
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mately sinusoidal. Practically the full amount of the 
harmonic voltage generated by the individual trans- 
former appears across the terminals of the constant- 
current regulator. 


<I 


Fic. 1—CurrRENT IN TRANSFORMER Primary 6.6 AMPERES 


Figs. 1, 2 and 3 show tracings of the voltage and 
current waves of one of these individual auto-trans- 
formers. Fig. 1 shows the line current in the primary 


Fie. 2—Voutace Across Primary with Ratep Lamp IN 
SECONDARY 


winding at its normal value of 6.6 amperes, Fig. 2 the 


‘primary voltage with the secondary closed through its 


normal lamp load, and Fig. 3 the primary voltage with 


Fig. 3—Voutace Across Primary witH Lamp Ovr 


the secondary open. Following is an approximate 
analysis made by the 36-ordinate method of the voltage 
wave shown in Fig. 3: 


Frequency 


Order of Harmonic Cycles per Second Volts Effective 


1 60 57 

3 180 40 

5 300 34 

7 420 31 

9 540 28 
il 660 26 
13 780 22 
15 900 19 
17 1020 16 
19 1140 13 
21 1260 10 
23 1380 8 
25 1500 6 
27 1620 4 
29 1740 3 
31 1860 2 
33 1980 2 
35 2100 1 


In the following tabulation is given the analysis of 
the voltage wave at the lighting-circuit terminals and 
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the corresponding telephone interference factors with 
all lamps in service and with one lamp out: 


Frequency Volts Effective 
Order of Cycles Per 

Harmonic Second All Lamps In One Lamp Out 

1 60 1380 1380 

3 180 60 78 

5 300 29 31 

if 420 Ze 36 

9 540 Onna! 36 

11 660 2.0 34 

13 780 * 33 

15 900 6 27 

17 1020 aS 29 

19 1140 * 18 

21 1260 * 20 

23 1380 * 20 

25 1500 * 20 

27 1620 * 18 
29 1740 * 16 f 

31 1860 * 13 

33 1980 * 13 

35 2100 * 12 

37 2220 * 10 

39 2340 * 9 

41 2460 “2 8 

43 2580 * 7 

Alle ee 3 13.6 447 


*Indicates a value of 0.5 volts or less. 


The effect of the one individual transformer, with 
open-circuited secondary, in increasing the harmonic 
voltages and the telephone-interference factor of the 
voltage wave of the circuit, is evident. The presence 
of other transformers with open secondaries increases 
the harmonic voltages slightly less than in direct 
proportion. That the increase is not linear is un- 
doubtedly due to the effect of the small harmonic charg- 
ing currents and to changes in phase of the harmonic 
voltages along the circuit from one individual trans- 
former to another. 

In respeet to the distribution of the- harmonic 
voltages around the circuit, an important distinction is 
to be made between the a-c. circuit with incandescent 
lamps equipped with individual transformers and the 
two types of are circuit discussed above. In the arc 
circuits, the distribution of. harmonic voltage is fixed 
‘and the voltages to ground on the exposed section re- 


main the same as long as the circuit layout is unaltered. 


With this incandescent lamp circuit the harmonic volt- 
age to ground depends both upon the number of indi- 
vidual transformers having open secondary circuits and 
upon their locations. 

In discussing the effects of ‘‘out-lamps”’ at different 
locations along the circuit, it is convenient to replace 
the transformer by an equivalent generator with termi- 
nal voltage, e, of complex wave form and equal to the 
harmonic voltage drop caused in the circuit by-the trans- 
former with rated line current in the primary and with 
the secondary open. The impedance of the constant- 
current regulator at the harmonic frequencies involved 
is high compared to the impedance of the line and of the 
individual transformers having closed secondary cir- 
cuits. Hence, the actual circuit may be replaced by the 
equivalent circuit shown in Fig. 4. 
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In this figure, e represents the generator equivalent 
to the individual transformer with open secondary. 
The capacitances C,, and C,, represent the capaci- 
tances to ground cf the two wires of the circuit between 
this individual transformer and the constant-current 
regulator. It is evident that the relative values of C,, 
and C., will vary with the position of the individual 


transformer along the circuit, but that the sum of the 
two capacitances (the total capacitance to ground of the 
circuit) will be a constant. Letting V,, indicate. the 
voltage to ground of the section of wire having the 
capacitance C,,, and V»,, the voltage to ground of the 
section having the capacitance C.,, 


pi ee 
ey 3 Ci, aS Coy 
yin, Coe 
2p oh, BY One tena 
Vig = 1 Va ie 
Co, — Cig 
Vip i Vo =e oF ae Cog 


If the construction of the lighting circuit is uniform, ~ 
the capacitances to ground will be directly proportional 
to, and the voltages to ground inversely proportional to, 
the respective lengths of wire on the two sides of the 
individual transformer with open secondary. 

As an example illustrating the effect of the relative 
positions of the constant-current regulator, the indi- 
vidual transformer with open-secondary circuit and the 
exposure section, consider the arrangement shown in 


| 
No? Substation 


Fre. 5 


Fig. 5. This includes a constant-current transformer 
with double secondary feeding two lighting circuits. 
It is assumed that the circuits are two-wire throughout 
their whole length and that the wire arrangements in 
the two exposed sections are identical. 

If a lamp fails at D or at any point along the circuit 
(No. 2) not involved in the exposure, the harmonic 
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voltages impressed on circuit No. 1 will be relatively 
small due to the high impedance of the constant current 
transformer. The effects in causing noise in either 
exposure indicated will be correspondingly small. Ifa 
lamp fails at A, the wire on one side of the individual 
transformer with open secondary will be a small fraction 
of the total length of the circuit, while the other wire 
will be nearly equal to the total length. The voltages 
to ground on the wire involved in either exposure and 
the corresponding noise effects will then be relatively 
low, the wire having the high voltage to ground not 
being within the exposures. 

If a lamp fails at B, one of the wires involved in the 
’ exposure section # will have a relatively large harmonic 
voltage to ground and the other a relatively low voltage, 
while both wires in section F' will have the relatively low 
voltage to ground. Thus, considerable noise may be 
caused in telephone circuits involved in the exposed 
section H’, but relatively little in section F. 

C indicates a lamp at the middle of the circuit. In 
case of lamp failure at C, equal and opposite harmonic 
voltages to ground will be caused on the two wires. 
The voltages to ground within exposure F will then be 
approximately balanced. The voltage between the 
wires will be equal to the full harmonic voltage caused 
by the individual transformer. If the circuits in this 
section are in close proximity, as on a joint line, the 
noise effects are apt to be as.severe as when the lamp 
failure occurs at the point marked B, especially if the 
two wires of the lighting circuit are at opposite ends of 
the crossarm. With the lines separated by the width 
of the highway, the noise effects will be much less than 
with an outage at B. 

In exposure section F', when the outage occurs at C, 
the two wires of the lighting circuit will have equal 
voltages to ground both in magnitude and in phase, 
and each equal to one-half of the total harmonic voltage 
generated by the individual transformer. Under these 
conditions, the noise effects are apt to be severe whether 
the lighting and telephone circuits are on the same or 
opposite sides of the highway. 

It will be evident from the preceding discussion that 
it is impracticable to obtain adequate relief from induc- 
tion merely by symmetrical arrangements of the light- 
ing circuits. While such an arrangement might be 
effective for one location of the out-lamp, it might be 
quite ineffective for some other location. More practi- 
cable methods involve the use of group series transform- 
ers in combination with circuit rearrangements. 

Since the harmonic voltage drop along the lighting 
circuit is small, the harmonic voltage across the ter- 
minals of a series transformer supplying a group of 
individual transformers, and the voltage to ground on 
the secondary, are small when lamp failures occur at 
points other than on the secondary of the series trans- 
former. When a failure occurs, opening the secondary 
circuit of one of the individual transformers in the 
group supplied by the series transformer, the harmonic 
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voltages to ground along the secondary circuit of the 
series transformer are distributed as though the series 
transformer were replaced by the constant-current 
regulator.’ Similarly, the distribution of harmonic 
voltage along the main lighting circuit is as though the 
series transformer were replaced by the individual 
transformer having the open secondary circuit. Thus, 
when a number of groups of individual lamp trans- 
formers are supplied by series transformers, lamp - 
failures cause an important effect only on thesecondary 
of the particular series transformer in which the outage 
occurs and on the main circuit and not on the second- 
aries of the other group-series transformers. If the 
telephone exposures involve only the secondary sides 
of the group series transformers, the number of lamps 
which may cause noise due to outage will be much less 
than if all individual transformers were directly in 
series with the main circuit. Thus, a large reduction in 
noise interference due to lamp outage may often be 
obtained by rearrangement of the lighting circuit so 
that the sections involved in telephone exposures are 
secondary circuits of series’ transformers supplying a 
limited number of individual lamp transformers. 
Failure of a lamp on the particular secondary loop 
involved in the exposure will introduce the harmonic 
voltages on this section of circuit. If the lighting and 
telephone circuits are on joint lines, or if there is but a 
single lighting-circuit wire present at highway or 
closer separations, the noise effects may be very severe 
when a lamp fails on the section involved. With two- 
wire lighting circuits at highway separations having 
a comparatively small number of lamps the noise 
effects due to one lamp being out will usually be much 
less than a similar lamp failure on a circuit having a 
comparatively large number of lamps. This is due 
chiefly to the shorter length of the circuit having a 
limited number of lamps as compared to one of a large 
number. When a failure occurs on one of these shorter 
circuits at such a point that the voltage to ground on 
one side of the individual transformer with open 
secondary is large, as compared to that on the other, 
the length having-the higher voltage will be so short as 
not to constitute a very serious exposure. If the failure 
occurs at a point on the circuit, so that the exposed 
section is between the series transformer supplying the 
circuit and the individual transformer with open sec- 
ondary, the lengths of wire on the two sides of this | 
individual transformer will be nearly equal, and there- 
fore, nearly equal and opposite voltages to ground will 
be set up on the two wires within the exposed section. 
Similar results may be obtained by the use of small 
pole-type constant-current regulators, controlled by 
time-clocks or by series relays in another lighting 
circuit (the so-called cascade arrangement). As com- 
pared to the circuit supplying a number of group series 
transformers, distortion of wave-shape on a main 
series circuit is avoided. This facilitates coordination 
in many cases as it is often difficult to avoid exposures 
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with the main series circuit when the group series trans- 
formers are employed. Failure of lamps on the indi- 
vidual circuits will affect only the wave-shape of the 
circuit upon which they occur. 

Effects of out lamps on the individual circuits where 
supplied by group series transformers or separate 
regulators may be avoided by replacing the lamps on 
the circuits involved in the exposures with straight 
series lamps without individual transformers. 


It is very difficult to obtain satisfactory conditions 
from the standpoint of induction from this type of 
circuit by lamp maintenance alone. A very high degree 
of maintenance is required, necessitating careful and 
frequent inspections and prompt replacements of the 
failed lamps. On circuits containing 100 lamps each, 
an average outage of only one per cent corresponds to 
one lamp out on each circuit which as already shown 
may cause considerable noise in exposed telephone 
circuits. In some instances, where less careful main- 
tenance routines have been followed, an average outage 
of between three and four. per cent. has been noted, re- 
sulting in severe noise conditions in exposed telephone 
circuits. 


As an aid to obtaining a very high degree of main- 
tenance, a device known as an “Out Lamp Indicator” 
has been developed. The device consists of a filter in 
combination with a milliammeter which is connected to 
the secondary of a potential transformer, the primary of 
which is connected across the line terminals. The 
filter cuts off from the meter substantially all current of 
fundamental frequency, but permits the transmission 
of the higher harmonics which are generated by an in- 
dividual transformer with open secondary circuit. 
The magnitude of the reading obtained with one lamp 
out depends upon the rating of the individual trans- 
former and the ratio of the potential transformer. In 
order to avoid an excessive fundamental frequency 
voltage on the network and saturation effects on the 
potential transformer, it is necessary to limit the sec- 
ondary voltage to approximately 120 volts. Readable 
deflections with one individual transformer with open 
secondary circuit may be obtained with potential 
transformer ratios up to 50 to 1. 
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A diagram of the filter with constants of the elements 
is given in Fig. 6. Fig. 7 shows a frequency response 
curve of the combination indicating the milliamperes 
in the meter per volt at the potential transformer 
secondary terminals at various frequencies. 

In employing this device in maintaining the circuits, 
readings are taken on the lighting circuits indicating 
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having been out of service. 
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whether or not lamps are out and how many. The 
circuits may then be patrolled and the out lamps re- 
placed. Experience has indicated that lamps near the 
end of their life fail immediately after a surge such as 
when the circuit is deenergized or when energized after 
If readings are taken 
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shortly after the circuits are energized and the out 
lamps replaced, all lamps are likely to remain in service 
for the rest of the night. If indications are not obtained 
on a given circuit, patrolling is, of course, not necessary. 
Where a circuit is made up partly of straight series - 
lamps with film cutouts and partly of individual- 
transformer type lamps, no indication will be obtained 
of an outage of one of the straight series lamps. 

Another valuable aid to maintenance is the practise 
followed by one large company of replacing lamps at 
definite intervals less than full life in connection with 
the cleaning schedule. The replaced lamps are then 
submitted to a photometer test and if not up to stand-. 
ard are destroyed. The lamps indicating additional 
useful life are then reinstalled in circuits that are not 
involved in exposures with telephone circuits. This 
method, in conjunction with the use of the out-lamp 
indicator, has, except for an occasional outage, elimi- 
nated inductive trouble from these circuits. 

While great improvement may be effected in many 
cases by the application of the measures discussed 
above, the most direct and fundamental remedy for 
noise interference from this type of circuit would be the 
provision on each fixture of a device which would short- 
circuit the individual transformer when the associated 
lamp fails. However, unless such a device can be 
secured at a cost which would not sacrifice the econo- 
mies obtainable by the use of the high-current lamps 
with the individual transformers, it would become 
cheaper to place the lamps directly in the series circuit 
omitting the individual transformer. Due to satura- 
tion of the individual transformer, only a small increase 
in the effective voltage across the secondary takes 
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place, a much larger increase occurring in the value of 
the peak voltage. Somedevice the operation of which de- 
pends upon the peak voltage seems most promising and 
least likely to be’subject to false operation due to surges. 


CONCLUSION 


Close cooperation between the power and telephone 
utilities, as in all matters involving the relations between 
these utilities, is needed to prevent or overcome in- 
terference from lighting circuits, particularly in plan- 
ning extensions or new construction. It is hoped that 
the information given in this paper will prove useful to 
power and telephone engineers in their cooperative 
efforts to solve these difficulties. 


Discussion 


R. R. Cowles: The present tendency of the Pacific Gas & 
Electric Company is toward the use of small series street-light- 
ing loops with incandescent lamps only. These series loops 
are 6.6-ampere and are supplied from a multiple-series constant- 
eurrent transformer installed on the pole in the same manner as 
any other distribution transformer. These constant-current 
transformers are of the moving-coil type, fundamentally similar 
to those formerly used inside of stations. In size they range 
from 5 to 20 kw. each, depending upon the average size of the 
series incandescent lamps which are connected to the circuit. 
It is the aim to avoid long loops and to restrict the number of 
lamps per circuit to approximately 60. 

These transformers are connected on the primary side to a 
4000-volt, four-wire, three-phase, star-connected feeder circuit, 
said cireuit being switched from the substation just as any other 
4000-volt commercial feeder. Where the primary neutral is 
available no additional neutral is extended for the street-lighting 
. feeder. Single-phase lines are run in various directions to supply 
the territory in the same manner as single-phase lighting feeders 
are branched from a three-phase feeder for commercial light 
and power consumers. The effect of the above arrangement is 
greatly to improve the reliability of street-lighting service through 
the elimination of long series loops and the resulting reduction 
in potential on these series loops. Multiple 4000-volt feeders 
have proven their reliability on the system of the Pacific Gas’ 
& Electric Company; hence no new features are involved in 
this type of feeder circuit. The constant-current street-lighting 
transformers are furthermore removed from the substations, 
thereby providing room for other apparatus which cannot con- 
veniently be placed outside of the station. 

The 6.6-ampere series street-lighting incandescent lamps are 
standard for 4000-lumen lamps and less. This is a slight de- 
parture from previous practise which indicated the desirability 
of using series transformers or auto-transformers with lamps 
larger than 2500 lumens. An improvement in lamp manu- 
facture, however, has made it practicable to use. 4000-lumen 
lamps at 6.6 amperes. Lamps larger than 4000 lumens are 
operated at 20 amperes, necessitating the use of series trans- 
formers or auto-transformers installed on the same pole or in 
the same fixture which supports the lighting unit. The film 
cut-outs are used with all 6.6 ampere lamps, operating without: 
auto-transformer or series transformer. _ 

The use of series circuits with currents in excess of 6.6 amperes 
has been considered by the engineering department of this 
company but no action has as yet been taken. Small series loops 
supplied from individual constant-current transformers, with 
lamps of higher intensity spaced fairly close, would permit of 
operation at 15 or 20 amperes if the characteristics of these 
lamps demanded it. Consideration should also be given to 
methods of switching street-lighting circuits from a remote 
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point which would make possible the use of even smaller loops 
and considerably simplify the apparatus involved therein. 
There are a number of types of remote-control apparatus already 
developed and a number more in process of development. It 
appears to the writer that the use of radio control for this pur- 
pose might be worked out to a practical and economic applica- 
tion at some future time. 


C. A. Heinze: Any power engineer who has had relations 
with the American Bell Telephone Company will notice that 
the telephone engineers all tell the same story. The main 
thought in all of their papers is cooperation between the power 
engineers and the telephone engineers. 


I want to state, first, that the electric utilities want to co- 
operate with the telephone company. We recognize the fact 
that we have mutual services to render, but I should like to ask 
Dr. Trueblood just how far the American Bell Telephone Com- 
pany will go in cooperating with the electric utilities in sharing 
part of the expense in safeguarding the telephone companies’ 
equipment. 

S. B. Hood: Mr. McCurdy recommends some of the usual 
remedial measures, principally isolating transformers. That is 
the 100-per cent remedial measure of telephone engineering, 
and in most eases it is a 100-per cent remedial measure, but in 
very few cases is it the measure which the power man wishes to 
adopt. It adds to the investment, adds to the losses in the 
system, more or less interferes with the regulation, and has a 
great many objectionable features. 


Another recommended cure on series circuits is the straight- 
series lamp. That is very nice until we get to the higher candle- 
power. We are all developing “white ways” that require higher 
densities of lighting. Therefore, recommending the type of 
lamp which the lamp manufacturers are not prepared to furnish 
is looking far into the future. 


It seems to me that possibly a better recommendation which 
they could make—particularly since Dr. Trueblood is so enthu- 
siastic over the multiple system—the better cure where in- 
ductive exposure is used, would be to change the lamps in that 
particular exposure to multiple, using a series relay for con- 
trolling. Of course, the recommendation for closed loops and 
balaneing the lamp on a loop is very effective, but when you 
put a series street-lighting system with both wires looped on 
the same street, as far as the investment goes, it is practically 
getting back to a multiple system. 


It seems to me, however, that in all these papers the indi- 
cation is that no matter how far apart our past differences of 
opinion have been, we are all gradually coming closer together; 
the telephone men and power men are gradually getting down 
to a uniform system which I think is a very promising out- 
growth. 

R. G. McCurdy: The tendency of the development towards 
the use of smaller series street-lighting loops as described by 
Mr. Cowles in his discussion of the Pacific Gas and Electrie 
Company’s practises, from the standpoint of inductive co- 
ordination, is in the right direction. Because of the smaller 
number of lamps per circuit and since the constant-current 
transformer is closer to the lamp load, the length of any given 
circuit is much reduced and in ease of failure of lamps equipped 
with individual transformers, the length of cireuit upon which 
the harmonic voltages are impressed, and which may be in- 
volved in inductive exposures, is much less than when circuits 
of a large number of lamps are employed. In many cases also, 
this method of operation would facilitate supplying separately 
‘white ways,’ where lamps of high candle-power equipped with 
individual transformers are used, and outlying sections where 
in many eases, only straight-series lamps are employed. 

Mr. Hood referred in his discussion to the disadvantages of 
the straight-series lamp, especially in districts where high- 
density lighting is required. As brought out in my paper, how- 
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ever, it is very often the case that these high lighting intensities 
occur in the densely populated sections of cities and towns, where 
both the telephone and lighting circuits are in cable. In such 
eases the occurrence of “‘out’’ lamps equipped with these trans- 
formers is unimportant from the inductive standpoint. In other 
cases, where the ‘“‘white-way’’ section may be of limited extent, 
it will often be practicable to connect the high-current lamps to 
circuits not involved in telephone exposures having as far as 
possible only straight-series lamps on the circuits, involved 
in the inductive exposures. 
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Many of the difficulties of coordination discussed in the paper 
are inherent with the series system, and it would doubtless be 
less difficult to coordinate with multiple systems. The remedy 
suggested by Mr. Hood, therefore, of changing the lamps in a 
particular exposure section to multiple, using a series relay for 
controlling, would probably be an effective one. As far as the 
incandescent systems are concerned, however, it is felt that the 
difficulties existing with the series circuit would be overcome 
by the use of a reliable form of cut-out with lamps equipped 
with individual transformers or auto-transformers. 


Opportunities and Problems in the Electric 
Distribution System 


BY D. K. BLAKE: 


Associate, A. I. E. E. 


Synopsis.—An illustrative electric service system is analyzed to 
show the importance of the distribution system for the benefit of those 
not familiar with distribution problems. The diversity factor and 
load factor are employed to show their effect on investment and losses. 

The important subject of a-c. secondary networks ts discussed 
relative to switching, induction regulators and a-c. elevator equip- 
ments. The circumstances which make single pole switching 
preferable are outlined. A new, simple and effectwe connection of 
the control circwits of induction regulators to ensure stability im 
parallel operated circuits is described. The present status of a-c. 
elevator equipments is outlined with emphasis on the merits of 
Ward-Leonard control where high class service is required. 


INTRODUCTION 

HE ' purpose of this paper is two-fold: first, .to 
aly present material to attract the attention and 

arouse the interest of young electrical engineers 
in the technically-neglected subject of electric distri- 
bution systems; secondly, to discuss several important 
problems appertaining toa.-c. secondary networks which 
have become, at the moment, of vital interest to the 
advanced distribution engineers. It seems to be quite 
generally admitted that the distribution system is in 
need of engineering study and of good engineers to do 
the work. There is nothing spectacular about the 
conventionalized distribution system and, therefore, 
little to attract the attention of a young engineer who 
is looking for a field that is not overcrowded and that 
will give him an opportunity to do some original and 
constructive work. There seems to be a general but 
erroneous opinion that there are not many technical 
problems involved in distribution. On the contrary, 
there are plenty of technical and even mathematical 
problems. But the emphasis herein is not placed on 
the technical side but on the need of initiative and 
judgment in the attacks on the problems. What is 
needed now are engineers who can bring an old distri- 
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The new translator network is analyzed at length in order to show 
its performance and inherent difficulties. It gwes a three-phase, 
four-wire, 115/230-volt system which in no way effects the consumers 
meters or utilization devices. 
adopted on the grounds of company policy rather than on technical 
and engineering economic grounds. ; 

Other distribution problems are briefly mentioned. Recent 
developments in carrier-current control for street lighting equipments 
are encouraging. Static condensers located at the load center of 
distribution circuits prove economical in some cases. Various 
automatic and remote control sectionalizing schemes are under 
consideration in order to restore service on feeders quickly. 


bution system up to date and appropriately plan it for 
the future growth. This work requires engineers of 
the same high caliber as those who have accomplished 
such marvelous results in generating stations, trans- 
mission lines, and sub-stations. 


RELATION OF THE DISTRIBUTION SYSTEM TO THE 
ENTIRE SYSTEM 


It is the purpose of the following discussion to con- 
sider the relation of the distribution system to the 
entire system. It is not claimed that the divisions and 
figures given represent accurately any particular sys- 
tem, but it is believed that this method gives a com- 
prehensive picture of a large system and the important 
position of the distribution system in it. 

Large modern electric service systems may be con- 
veniently divided, for the present purpose, into four 
major divisions: viz., generation, transmission, trans- 
formation, and distribution. It isimportant to observe 
that this system is virtually a four-link chain and to 
remember that ‘‘a chain is no stronger than its weakest 
link.” In an ordinary chain, each link carries as 
much load and is, therefore, just as important as each 
of the other links. Similarly the same load is carried 
by each major division of the electric service system 
and, logically, the distribution system is therefore just 
as important as any of the other divisions. 

Service and economy must always be kept in mind 


The author’s opinion ts that it may be. - 
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by the designer in every part of the system—Service 
first and economy second. Rarely can these two 
factors be separated. Reliability may reach its peak 
in generation, transmission and transformation im- 
proving the service as a whole, yet the service rendered 
the consumer is no better than the reliability of the 
distribution system. Maximum economy may be ob- 
tained in generation, transmission, and transformation, 
but there is still a long way to go in the whole system 
economy if the distribution system is neglected. It is 
evident from the foregoing review that to render excel- 
lent service at maximum economy a well laid out 
distribution system is necessary. 

The distribution system itself may be analyzed in a 
manner similar to the foregoing main analysis and sub- 
divided into the following parts: the primary feeders 
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100,000 Kilovolt-amperes Total 


eration v: = 
Gen 4-25,000 Kilovolt-amperes Generator 


110,000 Kilovolt-amperes Total 


Transmission 225000 Kilovolt-ampere Cables 


110,000 Kilovolt-amperes Total 


Transformation 11-10,000 Kilovolt-ampere Sub-stations 


127,000 Kilovolt-amperes Total 
93-1380 Kilovolt-ampere Feeders 


Distribution 


191,000 Kilovolt-amperes Total 
12,700-15 Kilovolt-ampere Transformers 


and mains; the distribution transformer and related 
devices; and the secondary mains and service wires. 
This method of subdivision is made according to the 
electrical functions. Another subdivision may be made 
according to physical characteristics, namely, poles and 
fixtures, copper wire, and distribution transformers 
with their related devices such as lightning arresters, 
fuse cutouts, and temperature indicators. 


With these methods of dividing the distribution sys- 


tem in mind, it may be asked how the distribution sys- 
tem differs in character from the rest of the system and 
also how it compares in the matter of money invested. 
Suppose it is assumed that Fig. 1 represents a radial 
system with one main generating station rated at 
100,000 kv-a. and that the transmission lines are 
underground 138,200-volt cables, radiating from the 
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generating station. In an actual system an appreciable 
amount of power may be supplied to electric railways 
and sold to other public utilities as well as to large 
power users. However, for the purpose of illustration, 
it is assumed that all of the 100,000 kv-a. is supplied to 
general light and power loads and that there are no 
inter-connections between substations to form a trans- 
mission network as is frequently the case. 

The total kv-a. rating of the transmission cables 
exceeds the total kv-a. rating of the generators because 
the peak load on most transmission cables does not occur 
at the same time the peak load on the generating station 
occurs. When some cables are carrying full. load, 
others will be carrying less than full load. If the peak 
loads of all the cables are added and divided by the 
peak load on the station, the well-known diversity 
factor is obtained. Therefore, the rating of the 
generating station may be multiplied by an average 
diversity factor of 1.1 for this radial system, to derive 
the approximate rating of the transmission cables which 
is 110,000 kv-a. The usual rating of each cable is 
about 5000 kv-a. which means that there are 22 cables. 
There is no diversity between substations and cables in 
this case because the same power that enters the trans- 
mission cables enters the substations. The total sub- 
station rating is then 110,000 kv-a. Since 10,000 kv-a. 
is a good average size substation, there will be 11 of 
them. It is well to point out here that the relation 
between generator, transmission cable, and substation 
ratings will be improved by the use of tie lines between 
the substations, because the diversity between these 
parts is changed by the transfer of power through the 
tie cable. Knowing the substation rating, the distribu- 
tion feeder ratings can be determined by using an 
average diversity factor of 1.15 which will give about 
127,000 kv-a. in feeder circuits. The usual distribution 
circuit for such a system will be rated 200 amperes, 1380 
ky-a., 2300/4000 volts, three-phase, four-wire. Divid- 
ing this into 127,000 kv-a. gives about 93 distribution 
circuits. Notice how, as depicted in Fig. 1, the system 
is split up into small kv-a. units which increase in num- | 
ber and total kv-a. rating proceeding from the generat- 
ing station outward. This is further emphasized 
when determining the number of units and rating of the 
distribution transformers. Multiplying the total feeder 
rating of 127,000 kv-a. by an average diversity factor of — 
1.5, 191,000 kv-a. is obtained as the total rating of the 
distribution transformers. This rating is almost double 
the generator rating to supply them. The average size 
of distribution transformer may be chosen at 15 kv-a.; 
therefore, there will be in this illustrative system, about . 
12,700 transformers. These distribution transformers 
will not be located in one building as is the equipment 
in a generating station but the transformers will be 
mounted on poles and are thereby scattered over a 
large area. In addition to the transformers there will 
be mounted with them such related devices as the fuse 
cut-outs, lightning arresters, and temperature indicators. 
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A cut-out with each transformer means 12,700 cut-outs, 
while a lightning arrester with each transformer means 
12,700 arresters. Now, if these devices are not applied 
to the system with care and thought, a great deal of 
money will be wasted and losses incurred which might 
be saved. A standardized method of mounting these 
devices which would save a dollar is multiplied 12,700 
times when the whole system is considered. If it were 
possible to connect all the distribution transformer 
secondaries together to form a secondary network, then, 
theoretically, all of the diversity factors back to the 
generators are removed and the system rating through- 
out is 100,000 kv-a. Of course, such networks can be 
formed only in limited areas of high load density. 

It is easy to see from the foregoing analysis that the 
investment in the distribution system must be a large 
part of the total investment in the system. In some 
systems, it may be 30 per cent, in others 60 per cent. 
Distributing companies which purchase energy from 
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large systems have practically all of their investment in 
the distribution system. These facts clearly indicate 
that a distribution system which is well laid out will 
effect large savings in investment and appreciable 
improvement in service. 

The load factor on the distribution transformers may 
be taken as 20 per cent. There is a relation between 
load factor and diversity factor such that the load factor 
of 20 per cent on the distribution transformer may be 
multiplied by the transformer diversity of 1.5 to obtain 
30 per cent which is the load factor of the feeder. 
Carrying this method all of the way back the load factor 
for transformation is 34.5 per cent, transmission 
34.5 per cent, and generation 38 per cent. Observe 
that the distribution transformers are used about one- 
half as much as the generators. 

The losses which occur in the distribution system have 
to be transmitted through the rest of the system and 
for that reason it is important that losses in the dis- 
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tribution system be reduced to a minimum. A kilo- 
watt loss in the distribution system means more than a 
kilowatt at the generating station switchboard because 
some additional loss is incurred in transmitting it. 
Obviously, the kilowatt lost in the distribution system 
costs more than a kilowatt lost at the generating sta- 
tion. The distribution transformer has lower losses as 
well as lower cost per kv-a. for a large size than for a 
small size; therefore, a well laid out system should 
have the highest possible average size distribution 
transformer. 

There are many other points which may be added, 
but it is believed that the foregoing discussion suf- 
ficiently emphasizes the importance of and opportuni- 
ties in the distribution system: 


A-C. SECONDARY NETWORKS 


General. One of the foremost problems now con- 
fronting distribution engineers is the a-c. secondary 
network for areas of high load density. These are now 
generally supplied by the well known d-c. Edison 
three-wire system, which is very expensive. The 'pur- 
pose is to obtain the more economical polyphase a-c. 
network which will permit supplying lighting and power 
loads from the same set of mains and which will ap- 
proach the Edison system in reliability. 

Single-Pole versus Three-Pole Subway Switches. Where 
networks are under consideration the multiple feeder 
type of network shown in Fig. 2 is meeting with general 
favor. The circuit breakers in the low-voltage side of © 
the transformers trip on reversals due to short-circuit 
currents or transformer core loss and are automatically 
reclosed when voltage conditions on the incoming 
feeder are correct for carrying load. This type of 
system is in use at New York City and New Orleans 
and is described in A. H. Kehoe’s article, Underground 
A-C. Network Distribution for Central Station Systems, 
JOURNAL of the A. I. E. E., June 1924; and W. R. 
Bullard’s article, Study of Underground Distribution 
Systems for the City of New Orleans, JOURNAL of the 
A. I. E. E., Nov. 1924. All of these systems under 
consideration, except one, anticipate using Y-connection 
on low-voltage side of the transformer. If the second- 
ary switches used with this system are too large; it may 
be necessary to rebuild the opening of many vaults and 
in quite a few cases new vaults will be necessary be- 
cause wall space is not available for large triple-pole 
switches. It is believed that a small, compact single- 
pole switch has many advantages over a larger triple- 
pole switch. The following discussion is intended to 
show the practical advantages of three small single- 
pole switches over one large triple-pole device. 

The single-pole switch may be conveniently arranged 
for the lead from transformer to enter at the bottom and 
the lead to the network arranged to leave from either 
side of the box at the top. The three-pole switch is 
not readily designed with leads out either side but with 
leads out through the top which requires an extra bend _ 
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in the cable and more head room. The dimensions of 
the subway box may be made small enough to permit 
the switch to be lowered through any manhole opening 
that will admit the transformer it is to be used with. 
In many vaults a large wall space cannot be found on 
which to mount a large triple-pole switch but three 
small spaces may be found to mount three single-pole 
devices. The single-pole switch may be designed small 
enough to permit mounting it on the side of the trans- 
former tank where wall space is not available. The 
box may be supported from the floor by a pipe and 
braced to the wall by angle irons. The wall surface 
back of the box may be used for racking cables. 

It is frequently necessary to build transformer vaults 
on side streets or in alleys because other sub-surface 
structures make it impossible to obtain a space large 
enough for a vault to contain three transformers. 
Three small vaults large enough to contain one trans- 
former and one single-pole switch may in many cases 
be located on the main thoroughfare, thereby avoiding 
the cost of a duct line from the feeding point to the 
transformer vault. The three smaller vaults will have 
the additional advantage of increased wall surface per 
transformer for heat radiation and this may be sufficient 
to make special ventilating systems unnecessary. The 
complete switch with an aluminum subway box may be 
designed with a weight low enough to permit two men 
to handle it without the use of tackle. A three-pole 
switch would be much heavier and more difficult to 
- install. After the box is mounted inspection will be 
easy because of the small cover. The design could be 
‘made so that the panel, on which the circuit breaker 
and relay are mounted, may be easily removed from the 
box after removing some small bolts without disturbing 
the mounting or cables. This feature permits all 
testing and repairwork to be done at the shop where 
complete units in working order may be taken to a 
vault and readily placed in the box after the defective 
unit is removed. One company anticipates using a 
single-pole device with four outgoing leads at the bot- 
tom. Each lead is connected in the box through a fuse 
or copper link. This arrangement makes a combined 
switch and junction box which is economical in cost and 
space requirements. 

The foregoing discourse emphasizes the advantages 
from an installation standpoint but there are also a few 
advantages from an operating standpoint. The sub- 
station breakers in the primary feeder may be arranged 
for single-pole switching as is now the practise in radial 
feeders on some systems. The single-pole switch in the 
transformer secondary removes only one-third of the 
transformer capacity when there is a transformer 
failure or a single-conductor cable failure. The loss of 
this phase does not cause single-phase operation of 
induction motors because the three-phase relation 
is maintained by the other feeders. It is not probable 


that a failure which may occur on another feeder will: 


be on the same phase and it is, therefore, quite an 
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advantage to keep unaffected phases of a feeder in 
service since they may be of help when trouble comes 
on other feeders. 

Transformer Load Division. The use of a reactance 
in series with the transformer is the method being used 
to improve the division of load between transformers. 
Some companies are using special transformers with the 
reactance increased to 10 per cent and others are using 
external reactors consisting of laminated iron punchings 
slipped over the lead cable on the low-voltage side of the 
transformer. This latter method has the advantage of 
using standard transformers and permits the location 
of the reactance at points where they are needed. 
The dimensions of such a reactor to increase the re- 
actance to 10 per cent on a 100-kv-a. transformer with 
115 volts secondary isa pproximately 16 in. by 61% in. 
by 64% in. For a 75-kv-a. transformer the length will be 
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TO ELIMINATE CIRCULATING CURRENTS 


Fig. 


increased to 18 in. on account of there being less current 
to give the same voltage drop. One reactor is used with 
each transformer by looping both leads through the 
punchings to obtain the magnetic effects of both 
leads. 

A New Regulator Connection. When the network is 
supplied by several high voltage feeders with induction 
regulators, it is necessary to take some precautions to 
eliminate circulating currents caused by improper 
operation of the induction regulators. Severalschemes 
have been proposed but the one shown in Fig. 3? seems to 
be the most promising because of its simplicity and ease 
of installation. This scheme can be applied to a 
varying number of regulators, it being possible to 
connect in additional feeders or disconnect them as may 
be desired without changing the adjustment of any of 
the apparatus. 

To the conventional regulator connections, there is 
added in Fig. 3 a transformer T in the current trans- 


2. Devised by Mr. F. J. Champlin of Pittsfield, Mass. 


. the ideal. 
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former circuit, a reactance X in the potential trans- 
former circuit, and a switch S which serves to short 
circuit the reactance. This switch S is interlocked with 
the feeder breaker so that when the feeder switch is 
opened, the switch S is closed and vice versa. 


When conditions are normal the load current circu- 
lates through the secondaries of J but none through X. 
If there is a circulating component in the feeders which 
flows out through the No. 1 feeder and returns over the 
other feeders in parallel then two-thirds of this com- 
ponent flows through No. 1 X and one-third through 
the other two reactances in series but in a direction 
opposite No.1 X. By properly arranging the polarities 
of the current and potential circuits the voltage set up 
across X will be opposed to the unbalanced potential 
set up across the line drop compensator by the circulat- 
ing current. This voltage set up across X will assist 
the secondary voltage of the potential transformer thus 
tending to operate the contact making voltmeter so 
that the regulator will be returned to a stable point, 
thereby eliminating the circulating current. 

No mechanical interconnection or additional current 
transformers in the feeder are required. The trans- 
former T and variable reactance X may he contained 
within a single housing, mounted on the switchboard. 
A certain amount of resistance may be used in com- 
bination with the reactance. Three regulators using 
the exact connections shown in Fig. 3 have been con- 
nected in parallel and tests were made including change 
in voltage, change in load, and change in position of the 
individual regulators. No matter what change was 
made, the regulators would always adjust themselves 
to eliminate the circulating current which is the general 
source of trouble in the parallel operation of single- 
phase regulators. 

A-C, Elevator Equipments. Practically allcompanies 
contemplating networks expect it will not be economical 
to changeall the d-c. motors to a-c.and, therefore, it will 
benecessary tomaintainanappreciable part of the d-c.for 
many yearsafter the a-c. secondary network isin success- 
ful operation. Where 60-cycle power is available’, a-c. 
motors can be applied directly to elevator engines and 
give quite satisfactory operation up to maximum car 
speeds of 450 ft. per min. A large number of these a-c. 
equipments are being installed, even in such buildings 
as hotels, office buildings, and apartment houses, and are 
giving service which is entirely satisfactory to the 
owners. Power consumption on. these a-c. driven 
elevators is generally less than with any form of d-c. 
driven elevator as there are no shunt field or dynamic 
braking resistor losses. | 

When a high-grade elevator is required and the power 
supply is alternating current, Ward-Leonard control 
with separate motor generator set for each elevator is 
Such equipments are being installed on both 


3. Discussion on elevators contributed by J. A. Jackson of 
Schenectady. 
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geared and gearless equipments in fairly large numbers 
even for car speeds as low as 250 ft. per min. with geared 
machines and as high as 700 ft. per min. with gearless 
machines. For gearless machines the demand is almost 
entirely for Ward-Leonard control even where d-c. 
power supply is available, due to smoother and more 
refined control and to reduced power consumption 
where the service is heavy and the number of stops per 
car mile is large. Where the service is light and the 
stops per car mile is low, the power consumption may be 
slightly greater. 

When all charges against an elevator are considered, 
such as interest on investment, depreciation, mainte- 
nance, operator’s salary, rentable area of building oc- 
cupied by elevators, etc., it is readily seen that power 
consumption isa relatively small percentage of the total. 
Such features, then, as reliability, maintenance, smooth- 
ness, refinement of control, accuracy of landings, and 
speed regulation may play a more important part in 
determining the type of drive to use than power con- 
sumption. For example, where it can be shown that 
the above features will so speed up the service as to 
permit one less elevator to be used with Ward-Leonard 
control than would be necessary with rheostatic control, 


= 
200 Volts or 208 Volts 


115 Volts or 120 Volts 


Fig. 4—Y-ConnectTED Network Now in Usa 


the use of Ward-Leonard would be justified on account 
of the saving effected, even though the operating condi- 
tions were such that power consumption on Ward- 
Leonard might be slightly greater. Such cases have 
actually arisen. 

Rates of acceleration and retardation can be made 
substantially quicker with Ward-Leonard control than 
with d-c. rheostatic control without discomfort to the 
passengers, since they .follow a smooth curve instead 
of being jerky due to cutting out the steps of resistance 
on a rheostatic control. 

It is well recognized that the greatest percentage of 
elevator outages with rheostatically controlled elevators 
are due to control troubles and that most of the mainte- 
nance expense occurs on the control panel on account 
of the heavy currents handled and the size of the devices. 
With the Ward-Leonard system, the control panel 
contains only small devices handling small field currents, 
Consequently troubles from burning are negligible and 
mechanical wear and tear is reduced to a minimum. 


The motor-generator set, while a rotating piece of 


equipment, is simple and easily understood by the 
average electrical maintenance man and its maintenance 
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consists of an occasional oiling, keeping it clean, and an 
occasional change of brushes. The reduction in main- 
tenance charges should be a considerable item in favor 
of Ward-Leonard control. iii a 

This type of system will cause practically no voltage 
fluctuations on the mains since there are no a-c. motors 
switched on the line every time the car is started. The 
motor generator set is started without load and should 
cause no voltage dip. 

The New Translator Network. Most companies 
that do not have two-phase distribution are consider- 
ing the three-phase, four-wire system and some 
which have two-phase distribution are giving more 
consideration to the two-phase, five-wire system. 
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The three-phase, four-wire system shown in Fig. 4 
will have either 115 volts for lamps and appliances 
and 200 volts for motors or 120 volts for lamps and 
appliances and 208 volts for motors. In the first case 
standard appliances and fractional horse power motors 
are suitable while the 200 volt is just on the lower limit 
for standard 220-volt polyphase motors. Some engi- 
neers believe this system will be successful at 115/200 
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volts because the majority of motors are not generally 
applied to devices that require rated starting, pull-in 
or pull-out torque. Where difficulty is anticipated or 
encountered they expect to install auto-transformers 
to step the voltage up to 220 volts. This would require 
the separation of the motor circuits from the lighting 
circuits in the building or the use of auto-transformers 
with each motor. Other engineers believe 200 volts is too 
low for motors and expect to use the 120/208-volt 
system. It is believed that the 208-volt is sufficiently 
above the lower voltage limit (198 volts) of successful 
motor operation so that with a system regulated for 
lighting no trouble should be experienced. On the 
other hand, standard 110-volt appliances and fractional 
horse power and fan motors are not recommended for 
operation at 120 volts particularly when it is likely that 
_ the voltage will exceed 120 volts occasionally. Lamps 
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and some heating appliances rated at 120 volts are con- 
sidered as a standard rating while all fractional horse 
power and fan motors are standard at 110 volts with a 
permissible variation of plus or minus five per cent. 
However, some companies are supplying the 110-volt 
devices on 120-volt radial circuits. With the three- 
phase, four-wire system it will be necessary to use 
polyphase métering with the extra testing difficulties 
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or two single-phase meters with the extra bookkeeping 
when supplying three-wire services since the voltages 
from each line to ground are not in phase with each 
other. 

The two-phase, five-wire system shown in Fig. 5 
gives standard voltages for lamps, appliances and 
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Fig. S8—VectoriaL RELATION OF COMBINED TRANSFORMER 
AND AuTo-TRANSFORMER USED TO Form Tiz BETWEEN TRANS- 
ForMERS IN Fie. 6 


motors. The single-phase, three-wire meter may also 
be used on three-wire services. The two phases are 
easier to balance than the three phases of the other 
system. The two-phase motor, four-pole control equip- 
ment and T-connected transformers are objections to 
this system. Three-phase is ideal for generation and 
transmission and while two-phase may be ideal for 
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distribution the combination is undesirable’ to the 
manufacturers from the point of view favoring the 
standardization of three-phase motors and ultimate 
disappearance of two-phase motors. 

It will be observed that either of the foregoing sys- 
tems affects the consumer’s equipment. If it is the Y- 
connected three-phase system the polyphase motors 
operate at sub-normal voltage and the fractional h. p. 
motors and some appliances operate above the permis- 
sible voltage limit in case of 120/208-volt system. 


=. | ee od eS 
Translater No.2 


6 EXCEPT THAT TRANSLATOR IS 


3 1 3 2g, 
Pe beans 
Translater No.1 
———af 


9—SameE as Fic. 
AppEep To Permit TRANSFER OF POWER BETWEEN SECTIONS 


Fig. 


With the two-phase, five-wire system the consumer may 
have difficulty in obtaining short shipments on two- 
phase motors and will have additional investment in 
control equipment and wiring. 

Mr. John C. Parker, of Brooklyn, has devised a three- 
phase, four-wire network system which gives 115 volts 
for lamps and appliances and 230 volts for polyphase 
motors. The lighting load may be balanced on all 
three phases. This system may be best understood by 
first referring to Fig. 6. Each bank of transformers 
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supplies a set of three-phase, four-wire mains; but the 
mains cannot be tied together directly to form a net- 
work, since the grounds on the different phases would 
short circuit the transformers. The grounds are neces- 
sary and limited to 150 volts to ground on lighting cir- 
cuits in order to protect human life. The ground is 
common to all of the transformers and, therefore, the 
vector diagram shown in Fig. 7 may be drawn. It will 
be observed that the voltage difference between A; and 
A» (also between B, and B;) is equal to 1% the delta 
voltage and is in phase with the voltages A;— B; 
and A,— B,. The voltage difference between C, and 
C; is equal to A, — A; and in phase with it. An auto- 
transformer consisting of a coil with taps which divide 
the coil into three equal parts may be connected to 
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A», A3, B. and B3 as shown in Fig. 8. This auto- 
transformer is excited from A, — B, at 230 volts and 
also from A;— B; at 230 volts. Load may be trans- ~ 
ferred through the auto-transformer with A»— By» as 
the input circuit and A; — B; as the output circuit or 
A;— B; may be the input circuit and A.— By the 
output circuit. In order to complete the connection 
between the No. 1 bank and No. 2 bank, it is necessary 
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to make a connection between C, and C3. This is done 
by a coil which is wound on the same core as the auto- 
transformer. 

With the extra coil added as in Fig. 8 we have a 
combined transformer and auto-transformer which can 
be used to transfer single-phase or three-phase power 
from bank No. 1 to bank No. 2 orfrom bank No. 2to bank 
No.1. Incase of a transfer of three-phase power coils, 
No. 1, No. 3,and No. 4 carry the current between banks. 
Under this condition the flux due to the load of the one 
coil is equal and opposite to the resultant flux due to the 
load of the other two coils. Therefore, the load current 
does not magnetize the iron to cause an excessive drop. 
The device may be designed with a regulation as good or 
better than the best distribution transformers. Single 
phase lighting load is carried by coils No. 1 and No. 4 
when it is transferred from section No. 2 to No. 3 and 
coils No. 8 and No. 4 when it is transferred from sec- 
tion No. 3 to No. 2. In this case also the load fluxes 
are opposed and do not magnetize the iron core. It 
is, therefore, possible to operate such a network and 
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supply lighting load from all three phases. In order to 
transfer load between sections No. 3 and No. 1 and sec- 
tions No. 1 and No. 3 a translator (combined trans- 
former and auto-transformer) is connected similar to 
the one between sections No. 2 and No. 3. Fig. 6 is 
redrawn in Fig. 9 to show the translators connected. 

The most economical application of the translator 
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occurs when it is located so as to transfer a minimum 
amount of load. This location is midway between 
transformers with a uniformly distributed load. Fig. 10 
shows the appearance of a network with translator 
applied in this manner. In this location the translator 
will have to carry half the load connected to a section 
of main in the event of a transformer outage. To avoid 
changing the translator with load growth, it would seem 
best to design it with one-half the current carrying 
capacity of the cable. However, it does not seem 
probable that the translator can be applied in this 
manner for best economy because the load is not 
uniformly distributed and it is frequently desirable or 
necessary to connect transformers to mains at other 
points than the junction point. It seems best, there- 
fore, to design the translator with a current carrying 
capacity equal to the current carrying capacity of the 
cable. It is believed that three standard sizes such as 
325 amperes for 4/0 cable, 450 amperes for 350,000 cm. 
cable, and 600 amperes for 500,000 em. cable would cover 
most underground networks. With the cable and 
translator designed for the same capacity it would be 
unnecessary to make any changes in translators until 
it became necessary to change the cable mains. Load 
growth or transformer locations will have no effect on 
the translator capacity. 

The translator may be located in the same manhole 
with the transformers as shown in Fig. 11 or may be 
installed in the middle of the mains as in Fig. 10. 
The location of the translators fixes the phase areas for 
the lighting load. The letters A, B, and C in Figs. 
- 10 and 11 refer to the phases which supply the lighting 
load. After the translators are once installed the phase 
to which lighting loads are to be connected may be 
plainly marked in order to avoid confusion when 
making connections. In case it should be necessary to 
change the location of a translator it will not be neces- 


sary to change the lighting services from one phase to_ 


the other, but only to reconnect the cable mains so as 
to shift all the lighting load affected to the proper phase. 

The primaries of the distribution transformers may 
be either Y- or delta-connected. Transformer A; — B; 
in Fig. 9 will supply through the translator some of the 
lighting load connected to A, — B,, and transformer 

— C; will supply some of the lighting load connected 
to B, = 
voltage side, no appreciable transformer capacity will be 
lost by these units (A;— B; and B;— C3) supplying 
part of the lighting load connected to A; — C3. 


It is obvious that the transformer connected to 


A; — C3 will supply more of the lighting load connected 
to A; — C; than either B, — C, or B, — C, because the 
latter have to supply the lighting load through a longer 
distance as well as through the translator. It seems 
that Fig. 9 would be preferable where the power load is 
more important but where, as is usual, the lighting load 
is more important, it may be better to use the connec- 
tions shown in Fig. 12. The lighting load is then 
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supplied direct from the transformers. The motor 
load is supplied through the translators on two phases 
and direct from the transformer on the third phase. 
If there were no lighting load the motor would receive 
unbalanced voltage because of the extra drop in the 
phases supplied from the translators; but the lighting 
load on the third phase will bring these voltages more 
nearly equal and the result-will probably be that the 
motor will receive no more of an unbalanced voltage 
than it would on any other system. Even if the 
full drop through the translators unbalanced the volt- 
ages applied to the motors, the unbalanced voltage 
should not be sufficient to be serious. When the pri- 
maries are delta-connected it would seem that this 
method of connecting the transformers would cause 
serious unbalanced currents when supplying motor 
loads because the translators and an appreciable 
length of mains are inside the delta causing unequal 
impedances in each side, with the result that the trans- 
formers nearest the motor would supply much more 
current to the motor than the other phases. While 
this may be true for a particular section, it should not be 
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true for several sections because the unbalanced current 
occurs on different phases for adjacent sections and, 
therefore, the result would be an approximately bal- 
anced load. With the primaries Y-connected the di- 
vision of load between phases is not affected because 
unequal impedances do not cause an unequal division 
of load in the Y-delta connection, but an unequal 
division of magnetizing current. Where the power 
load is heavy it will be best to add additional units for 
the other two phases. Fig. 13 shows the appearance of 
a network with the lighting supplied direct from the 
transformers. ,In each manhole there may be three 
transformers and two translators or they may be placed 
in different manholes. It is not necessary to have a 
translator for each main as in Figs. 11 and 12, but the 
network may be divided into phase areas as shown in 
Fig. 14. Transformers may be added on the other 
phases where the power loads are heavy or located far 
from the other phase areas. The areas, of course, need 
not be equal geographically but equal electrically. 
This system may be used with single-phase switching 
by connecting the neutral of the Y-connected prim- 
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ary to the fourth wire and using double-pole switches 
for each transformer secondary. With single-con- 
ductor primary cable it will be possible to operate 
the system with a minimum capacity removed from 
service during a cable failure. The remaining trans- 
formers on this feeder would operate in open delta with 
transformers on the remaining feeders. 

It is obvious that use of the translator necessitates 
unbalanced currents in the mains of each section 
because of the connection of the lighting load to one 
phase. However, the Y system also has unbalanced 
load in each section of the mains. While it is possible 
to balance the lighting load on a Y-connected system so 
that the feeders supplying the network are well bal- 
anced, it is not possible to have each section of second- 
ary mains so well balanced. The translator system, of 


course, will be appreciably more unbalanced in each’ 


section than the Y-connected system; but the transla- 
tor system also may be operated with the feeders sup- 
plying the network as well balanced as the other. 
In the Y-connected system the Ioads are balanced over 
the three-phases by individual loads; but in the transla- 
tor system the loads may be balanced over the three- 
phases in groups, which should be much easier. Assume 
that in the Y-connected system the lighting load is 
balanced over the three phases and that the current in 
each phase is 100 amperes for lighting at unity power 
factor and 100 amperes for power at 86.6 per cent 
power factor. The resultant current is 194 amperes for 
each phase. Then with the translator system when the 
lighting load is supplied from phases A-B the current is 
237 amperes for A phase, 207 for B, and 87 amperes for 
C phases. The power factor of 86.6.per cent for the 
power load was chosen because this gave the condition 
of maximum current carried by one phase. When the 
power load is one-half the lighting load the current in 
each phase of the balanced Y-connected system is 
145 amperes; but with the translater system the cur- 
rent in A phase is 194 amperes, B phase 181 amperes, and 
C phase 44 amperes. When the power load is one- 
quarter the lighting load the current in each phase of the 
balanced Y-connected system is 122 amperes; but with 
the translator system the current in A phase is 172 
amperes; B phase, 162 amperes; and C phase, 22 amperes. 
The effect of this on the losses in the mains is to de- 
crease the total loss 5.5 per cent below the Y-connected 
system in the first case and increase the losses 14 per 
cent and 26 per cent.in the second and third cases. 
These values refer to the case where no lighting load is 
transmitted through the translator under normal con- 
ditions. Wheresomelighting load is carried on the other 
2 phases through the translators, phases A and B would 
carry relatively less current and phase C relatively 
greater current, so that the resulting unbalanced cur- 
rent would not be so bad as previously indicated. 
Furthermore, the power loads in many cases will be 
almost equal to the lighting load which is not a bad 
condition. The annual charges of the energy lossesin 
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the secondary mains is about 12 per cent to 17 per cent 
of the total losses in substations, feeders, transformers, 
and mains. Therefore, whatever change occurs in the 
secondary main losses, when using the translator sys- 
tem, will not have an appreciable effect on the total 
losses. 

In the system shown in Figs. 9, 10, 11 and 12 the 
effect of the cost of the translaters when designed to 
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carry full cable capacity on the total investment from 
substations to secondary mains depends on the relation 
of the current carrying capacity of the secondary mains 
to the transformer capacity. A system with 500,000 
cm. cable has a much higher percentage increase in- 
vestment when three 100-kv-a. units are used than when 
three 200-kv-a. units are used. A study of some 
systems indicates extremess of 7 per cent to 15 percent 
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increase for systems having 13,200-volt primaries and 
5 per cent to 12 per cent increase for systems having 
2300/4000-volt Y primaries. Wherethetranslatorsare 
used to define phase areas as in Fig. 14 instead of one 
in each section of secondary mains the increase in 
investment then, of course, depends on the number of 
areas for each phase. When the losses are added, the - 
increase in annual charges ranges from 6 per cent to 
20 per cent. The lower figure applies to a case where 
the vaults are large enough to receive the bgeigale 
without any changes or new vaults. 
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It is apparent from the foregoing analysis of’ the 
translator system that there are technical and practical 
difficulties as well as increased cost and losses of the 
translator system over the Y-connected and two-phase 
systems. All of these difficulties and extra costs are 
borne by the electric service companies and none by the 
consumer. The consumer is not called upon to operate 
his single-phase devices at excessive voltage or his 
polyphase motors at sub-normal voltages, to increase 
his investment in control equipment, nor to contend 
with possible delays in shipment of two-phase motors. 
Three-wire lighting services may be metered with the 
standard 3-wire meter instead of two single-phase 
meters or one polyphase meter. It seems, therefore, 
that the selection of the translator system must be upon 
the grounds that the electric service company does not 
want to run any risk of inconvenience to, or complaint 
from, the consumer nor to cause the consumer any 
extra cost but prefers to accept the extra cost and com- 
plications. The Y-connected or two-phase network 
represents about one-third the annual cost of an Edison 
system, and, therefore, it does not seem that the extra 
cost of the translator system would be an unreasonable 
burden to assume. This extra cost, of course, is borne 
by the industry but the cost would be less than the cost 
to the industry to properly take care of off-standard 
equipment used on Y-connected and two-phase 

“networks. 


NOTES ON OTHER IMPORTANT PROBLEMS 


Street Lighting Control. The methods now in use to 
control either pole-type, constant-current transformers 
or multiple lamps are time clocks, pilot-wire circuits, 
and cascade systems. The latter may include time 
clocks and pilot wires or may consist only of a succes- 
sion of lighting circuits connected through suitable 
switching equipment. In some cases pole-type, con- 
stant-current transformers are supplied and controlled 
by a special 2800-volt feeder which covers the substa- 
tion territory. 

In addition to the foregoing control schemes, there is 
the possibility of carrier current control which at 
present seems very promising. The ordinary primary 
feeder conductors may be used to conduct the carrier 
wave to the receiving equipments which may control 
either a pole-type, constant current transformer or a 
multiple lamp circuit. The development of a successful 
carrier-current system low enough in cost may be the 
deciding factor in the extensive use of multiple street 
lighting circuits supplied from the usual distribution 
transformer. 

Power Factor Improvement. One large eastern com- 
pany has installed a few pole-type static condensers at 
the load center of their distribution circuits. This 
practise may prove a very economical practise in a 
number of cases by postponing, for a few years, the 
building of a new circuit in a growing territory. After 
the new circuit is built and some of the load transferred 
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from the old to the new circuit, the condensers may be 
removed to another circuit. 

It may also be shown that it is more economical to 
improve the power factor of some systems at the 
distribution feeder load center with special pole-type 
static condensers than to improve it at the substation. 
Twelve circuits were studied assuming the pole-type 
condenser cost $5.00 kv-a. more than substation cor- 
rective equipment. The extra annual charge was 
found to be 67 per cent of the saving in J? R loss from 
the substation to the load center.. The location of 
standard condenser equipments by the electric service 
company on the consumer’s premises would be some- 
what more economical, since larger standard outfits 
may be used at a lower cost per kv-a. 

Feeder Service Restoration and Maintenance. Con- 
siderable study is being given to a number of schemes 
to restore service on feeders quickly. The extensive 
use of automatic reclosing feeder equipments has ac- 
complished considerable in quickly restoring service. 
The records of one large eastern company show that 
for a period of over a year, 58 per cent of the operations 
tripped once, reclosed once and stayed in. On the 
second reclosure 11 per cent stayed in. These circuit 
trippings resulted in practically no interruption. to 
service. This case indicates that there must be a 
remainder of around 380 per cent in actual interruption 
to service on feeder circuits to be restored quickly by 
other means. Various automatic and remote control 
sectionalizing schemes are under consideration. 

One large middle-western company proposes to try 
out a form of primary network shown in Fig. 15. The 
advantage gained by the use of this scheme over simple 
radial operation of feeders is the automatic preservation 
of service in case of a short circuit on a feeder cable. 
In case of a short circuit on a primary ring or its 
branches the service in that area is interrupted the same 
as it would be with radial feed. Under normal opera- 
tion advantage is gained in using the reserve feeder to 
carry load, in improved regulation, and reduction in 
losses. 


Discussion 


I wish to discuss one or two details in Mr. 
He mentions primarily the single-pole pro- 
tective unit. He goes into detail and attempts to establish ~ 
the justification of the multiplicity of parts. However, the 
question of single-phase or single-pole units cannot be separated 
from the whole network. Personally, I believe that the multiple 
unit is the real solution. We have seen that there are certain 
state laws requiring that we open the entire circuit, rather than 
allow an unbalance on the networks and produce inductive 
interference. It is much better, I believe, to clear the entire 
trouble as quickly as possible rather than take out one phase at 
atime. The three-pole unit will not oceupy as much space in 
the manhole as three single-pole units. The automatic a-e. 
network protector is a device which does everything you can ex- 
pect it to do. It is designed to go into the standard 35-in. man- 
hole cover. The covers of the units are of aluminum, are light, © 
and ean be handled by one man. Furthermore, if inspection 
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of these devices is to be made the time consumed will be less with 
three-pole units than with three single-pole units. 

In regard to the translator, I believe that anything we put 
in to complicate the network is defeating the purpose of the a-e. 
system. The whole thing resolves itself back into continuity 
of service, simplicity, and low cost, and the only way we can 
arrive at that service with a reasonable cost is to trim it down 
to just the bare necessities. 

Practically everyone will agree that if we had it to do over again, 
we would never put in a d-e. network. We have it, but what 
are we going to do with it? If we attempt to change to an a-c. 
network we are confronted with the cost of changing over the 
customer’s equipment, which will be so high in some cases that 
the interest_and other fixed charges on that additional cost will 
more than earry the high losses in the d-c. network. However, 
one solution is being used to bring the economies of the d-e. 
very close to those of the a-e. network, the use of the automatic 
substation. The automatic substation gives primarily ,the 
same type of distribution as the a-c. system, that is, high 
voltages to the converting stations and low voltage for distri- 
bution. The automatic substation is reliable and economical. 
A real analysis of the problem will often show that it is better 
to hold to the d-c. network, remove the concentrated manually 
operated stations, and distribute that conversion power over a 
network to a large number of small conversion stations, approach- 
ing extremely close to the transformers on the a-c. network 
in losses and other factors which come into the - distribution 
problem. 


Henry Richter: In considering a-c. secondary networks, 
it is well to recognize that the network systems mentioned by 
the United Electric Light and Power Co. as used in New York 
City—and also those in New Orleans—use triple-pole auto- 
matie network units exclusively, and that similar systems and 
network units will shortly be in operation in Dallas, Memphis, 
Knoxville, and Atlanta. Minneapolis will install these units 
as the load grows, preparatory to forming a network. These 
comprise all the companies that have completed or started to 
construct a network like that of Fig. 2, using automatic network 
units. 


In practically none of the installations in these cities, where 
space might permit single-pole units to be installed, has it been 
necessary to add to the dimensions of new manholes in order to 
accommodate the triple-pole network unit; or to construct new 
manholes, or enlarge old ones, due to any extra space required 
because single-pole units were not available; or even to take 
up space in an existing vault that could beillspared. These net- 
works are considered justifiable only in heavily loaded areas 
where the loads are too great to be supplied in the single-phase 
manner. 'Three-phase transformer banks are therefore the 
rule, ranging in size from three 25-ky-a. single-phase trans- 
formers up to three 100-kv-a. transformers. The manholes 
- and building vaults to accommodate such banks, to allow for 
growth of load, to ensure no excessive temperatures, and to 
permit proper racking and maintenance of cables, must be of 
such size that there is no lack of wall space for a triple-pole 
network unit. It is customary to locate this unit on the wall 
opposite that along which the three transformers are placed, 
and close to a corner of the manhole. In existing manholes 
having three-phase banks formerly part of a radial primary 
and secondary system, the triple-pole network units can usually 
be put into the space formerly occupied by the large secondary 
junction boxes. In most cases, this space is not otherwise use- 
ful, for the network systems employing these automatic net- 
work units are so simple that nothing else is necessary in the 
manhole besides the transformers with or without small re- 
actors, the cables and the network unit. Further, it is an er- 
roneous idea that single-pole. network units, particularly in a 
submersible housing, can be made so tiny that they ean be in- 
stalled in any odd corners of a manhole. The desirability of 
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giving them proper maintenance makes such procedure far 
from advisable even if they were so small. 

If it is desired to have the leads to the secondary mains leave 
the triple-pole network unit horizontally, to either side, it is 
extremely simple to provide a small terminal box where the 
outgoing leads emerge from the top of the submersible housing. 
This small box can have wiping nipples mounted horizontally 
at either side. The extra bend in the cable is thus eliminated. 
However, in none of the cities enumerated has this been neces- 
sary. Seven and a half feet is an average height for these 
transformer manholes as determined by good subway con- 
struction practise and even with a triple-pole network unit for 
a bank of three 100-kv-a. transformers there is no cramping of 
cables entering and leaving the housing. ; 

When the triple-pole network unit was being designed, it 
was recognized that the submersible housing must pass through 
a certain minimum-size manhole opening. A country-wide 
survey was made and it was learned that the great majority 
of companies have adopted 35-in. diameter round as the small- 
est opening for transformer manholes in existing or contem- 
plated construction. Apparently this minimum was governed 
by the dimensions of 100-kv-a., single-phase subway trans- 
formers. Accordingly the triple-pole units of all sizes were de- 
signed to pass through a 35-in. diameter round opening. In 
none of the six network cities mentioned (and together they 
are typical of all other cities) will it be necessary to rebuild the 
opening of any manhole to permit the unit to pass through; 
and careful investigation shows that in none of the cities where 
three-phase networks are being considered for the future will 
there be any difficulty in this regard. 

If it becomes necessary to rack cables along the wall back of 
the network unit, it is just as easy to mount the triple-pole 
unit ona pipe framework braced to the wall as for the single- 
pole unit, since the two types are not very different in depth. 
However, just as with junction boxes, subway oil-cireuit break- 
ers and such apparatus, electric service companies do not con- 
sider this good practise in manholes. In only one ease has a 
company mounted on a transformer tank a piece of auxiliary 
apparatus of such size as a single-pole network unit might be, 
and there the conditions are unlike those anywhere else in the 
country. In general, the place for such equipment is against a 
wall. 


Where subsurface conditions make it impossible to build a 
manhole for three transformers at any particular location in 
the street on a main thoroughfare, three solutions have been 
found to be applicable: (1) obtain a vault in the basement of a 
building; (2) install a manhole under the sidewalk, or (3) locate 
the manhole in the street as close to the desired location as 
possible. In almost no ease has it been impossible to use one 
of these methods. Where the third method must be employed, 
the distance from the most desirable location is usually so 
short that the cost of the extra length of duct line is small com- 
pared with the extra cost of three smaller manholes over one 
larger one. It is also doubtful whether city authorities will 
permit subsurface obstruction at three neighboring points. 


The triple-pole network unit for: manholes is constructed 
with a window of heavy, wired glass, amply strong, in the cover; 
this makes inspection of the principal parts easier than by taking 
off the cover of a single-pole unit. If it is necessary to get at 
the parts inside, the time to remove the few extra bolts or lugs 
holding the cover on the triple-pole unit is negligible. The 
aluminum cover of the triple pole unit can be handled by one . 
man without difficulty. 

The design of the single-pole unit to permit easy removal 
of the panel from the housing when it is desired to make re- 
pairs at the shop follows the identical idea that is incorporated 
in the triple-pole network unit design. Similarly, right from 
the start, fuses have been installed on the panel of the triple- 
pole unit, in series with the outgoing leads, to make a separate 
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fuse box unnecessary. These last two points, Gere tore,; do not 
apply exclusively to single-pole units. 

The paper claims that the single-pole unit conforms with the 
method of single-pole switching inherited from the radial system 
of distribution. In a properly designed three-phase network 
system single-pole switching is no longer necessary and may 
be abandoned. In a radial system it is better to have some 
light than no light, when trouble oceurs on a feeder, and hence 
the value of single-pole switching. Networks are designed so 
that in no case will trouble on any feeder cause interruption of 
any service fed from the secondary network. Among such 
troubles there must always be included the putting out of 
service of all three conductors of a feeder, either by phase-to- 
phase short circuit in a three-conduetor cable, or, where three 
single-conductor primary cables are in the same duct, by the 
melting down of all the conductors by a severe fault to ground 
on one of them. It may even be necessary to provide for the 
possibility of a manhole fire taking two feeders out of service 
simultaneously. Thus, there is no necessity in complicating 
the system to get the insurance that goes with keeping two 
of the phases in service when the third goes out. One large 
company even plans to use three-phase regulators on three- 
phase feeders serving an important network, and some are 
thinking of using triple-pole oil-circuit breakers at the station 
and three-phase distribution transformers where these can be 
passed through the existing manhole openings. 

The paper overemphasizes the importance of manhole installa- 
tions. While the difficult conditions encountered in manholes 
must be met and are being met, it should be remembered that of 
a total of over 600 triple-pole network units that will be in opera- 
tion by the end of this year, less than one third will be in 
manholes. 

Three single-pole units have three operating mechanisms in 
place of one for the triple-pole unit, and this means more parts 
to maintain. Three units together have more surface to gasket 
than a triple-pole unit, which gives more chance for water to 
leak in with any given type of construction. Three units also 
' oceupy a greater total space in the manhole, and every cubic 
foot is valuable. When the design of automatic network 
units was first under consideration, all these factors were weighed 
and the single-pole type was abandoned as inferior to the triple- 


pole type. 
The simplest method of ensuring stable operation of regula- 


tors on feeders operating in parallel onanetwork! doesnot require. 


any extra apparatus such as the transformers T and reactors X of 
Fig. 3. It employs only a transfer switch, corresponding to 
switch S for each feeder. This scheme was given a thorough 
test on the network system of the United Electrie Light and 
Power Company, where it originated, and was shown to be 
entirely satisfactory. 

One of the greatest problems in connection with secondary 
networks is the type of combined light and power secondary 
system to employ. Mr. Parker has blazed the trail in an effort 
to devise some scheme whereby the advantages of the com- 
bined system may be obtained and the disadvantages of the 
star connection avoided. It cannot be too strongly urged that 
others follow in his steps. However, it must be pointed out 
that the translator scheme may introduce disadvantages that 
outweigh those of the simple four-wire, star system, and these 
disadvantages may so handicap the development of the net- 
work idea as to result in a loss to all concerned. : 

In the star system of Fig. 4 the only voltage unbalance at 
the motor terminals is caused by unbalance of load in the second- 
ary mains due to varying sizes of the loads as encountered along 
the street. This unbalance may be reduced to a negligible 
amount by care in connecting two-wire and three-wire services 
on alternate phases. From the analysis of the translator 
scheme it is evident that it may easily result in voltage un- 


1. Described in the Electric Journal, July, 1925. ~ 
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balances of at least 10 per cent at the motor terminals. For 
the same per cent voltage unbalance on a motor as per cent 
voltage reduction, both the heating and starting torque are 
affected to a worse degree in the case of the unbalance. Hence 
the effeet on motors would be worse with the translator scheme 
than by operating them at 199 volts on a 115/199-volt star- 
connected secondary. 

Adding extra transformers on other phases to obtain a better 
balance of voltage where power loads are frequent not only 
inereases the number of transformers on the system, but also 
calls for larger or more manholes to house them. This would 
materially cut down the savings in transformer capacity gained 
by the diversity that networking makes possible. 

Where the 115/199-volt star-connected secondary system is 
employed it has been necessary to use auto-transformers on not 
more than 15 to 20 per cent of the motors connected to the system 
in order to supply satisfactory voltage. On the basis of power 
load equal to half the lighting load these auto-transformers repre- 
sent less than 7 per cent of the capacity of the secondary system. 
If the translators, equivalent in capacity to the total capacity 
of the secondary system, cause an increase of investment. aver- 
aging 10 per cent of the entire distribution system cost, the 
auto-transformers necessary to ensure satisfactory operation of 
motors on a star system involve an increase in investment of 
less than 0.7 per cent. 

The unbalance of current for the case of power load half the 
lighting load requires that the wire carrying the maximum cur- 
rent in the translator system use about 60 per cent more copper 
than for the star system. It would be highly inadvisable to 
proportion the size of the three-phase wires in the translator 
scheme according to the loads in those wires, because the sizes 
would have to be changed from block to block all over the system, 
and this would complicate the system even more than by adding 
the translators. Hence all secondary wires would be as heavy 
as the largest one, and this might mean a 60 per cent increase in 
the total amount of secondary copper required. Where 500,000- 
cir. mil copper is taken as the largest size, the extra copper 
would in many cases require a second main and duct. To these 
extra costs must be added those of the translators, value of man- 
hole space they would occupy, and losses in-secondaries and 
translators. Even the seven-wire, separate-light-and-power 
secondary system would not cost more and would be simpler.. 
The inerease in cost due to all these items might easily overcome 
any saving gained by combining power and light mains and 
defeat the very purpose of the translator scheme. 


If the electric service companies want to inconvenience the 
fewest number of customers using a star-connected system, 
they will adopt the 115/199-volt three-phase system, as only 
the polyphase motor users will be affected. In the few cases 
where tests show insufficient voltage, the simple auto-trans- - 
formers can be employed to boost the voltage. In Memphis, 
a 115/199-volt system of this kind has been in operation for 
over ten years and the customers are entirely satisfied. In 
Rochester, for several years, light and power loads in large build- 
ings downtown have been supplied by 120/208-volt transformer 
banks in the basements and, even though motors up to 40h. p. 
are connected at the end of long risers and no auto-transform- 
ers are employed, the customers praise the service. 

It must be recognized that for most systems an a.-c. network 
system, even though fed at 13,200 volts, is just a little less than 
half the annual cost of a d-c. system and hardly less than 80 
per cent of the cost of an a-c. radial system. These ratios have 
been checked independently by the engineers of five large sys- 
tems. Hence, we would be deceiving ourselves as to the eco- 
nomic value of the translator scheme for it introduces such 
elements of additional cost as would wipe out the balance now 
in favor of a-c. networks. 

The control of multiple street lamps or pole-mounting, con- 
stant-current transformers supplying series street lamps, by 
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means of carrier current over the primary feeders, will represent 
a great step ahead. One company has tried out such a system, 
but the operation has been faulty and the relay units on the 
poles are of such nature as to be relatively expensive. The 
sender at the substation is also complicated. Another com- 
pany has developed a simpler form of relay unit, and tests of a 
number of these, equivalent to at least a full year’s service, have 
proved them satisfactory. This relay unit is compact, substantial 
and inexpensive. The sender unit is also simple and strongly 
built. 

M. T. Crawford: Mr. Blake’s paper refers to a method 
shown in Fig. 5 of which the title is ‘“New Connection of In- 
duction Regulator Cireuits to Eliminate Cireulating Currents.” 
I think I am correct in stating this connection has been used 
recently by our company in our new Union Street substation 
and has proved very successful in regulating 4500-volt feeders 
in a multiple-feed network. One practical point in connection 
with it has been that some means has been found desirable to 
automatically disconnect the regulator control circuit on low 
voltage, so that regulators will not assume, during system trouble, 
different positions after fluctuations. J mean by that if a short 
circuit comes on the transmission network, and the voltage of 
the system as a whole oscillates back and forth, perhaps reaching 
very low values for brief moments, there is a tendency for the 
regulators to attempt to follow these voltage variations up and 
down. By the time matters have settled down again, some of 
the regulators are in one position and some in another, due to 
their slightly different characteristics. That has resulted at 
times in tripping out of network switches on the underground 
distribution system due to reverse flow of power for brief periods 
from one feeder into another where the voltage conditions were 
slightly different. By the simple expedient of providing a low- 
voltage release on the regulator control circuit, this trouble has 
been eliminated. The operator at the substation can reset the 
control cireuit after the system has quieted down to normal. 


The translator referred to is a very clever development. The 
Puget Sound Power and Light Company’s underground dis- 
tribution system employs single-phase, three-wire mains for 
lighting and alternate blocks with longitudinal alleys are placed 
on alternate phases, so the first alley is on one phase, the second 
alley on another, and so on. By that method the phases are 
. relatively well balanced at the substation. In places, we have 
recently installed a fourth wire paralleling the single-phase, three- 
phase mains to provide small polyphase service. The result has 
been three-phase, four-wire mains in each alley similar to the 
ones referred to by Mr. Blake, and the respective alleys in the 
same phase relation as those shown in his diagram. 


The translator, therefore, in our case offers something to look 
forward to as a possibility of permitting interconnection of the 
three sets of secondary mains for purposes of phase balancing or 
load protection if it should be found desirable. However, 
the addition of apparatus is always to be very closely scrutinized, 
and its necessity must be proven before it is added, as the sim- 
pler a system is, the better the service will always be. 


A. H. Kehoe (communicated after adjournment): - Regard- 
ing Mr. Blake’s discussion of single-pole versus three-pole 
a-c. subway network switches I consider the proper switch to 
use is the one which will give minimum cost over an extended 
period. The cost of revising a few existing locations will be 
negligible on the total installation cost. Tripping and closing 
elements in these switches represent a major item of cost and 
single-pole units will nearly triple this cost for each installation. 
Space, that is, cubical contents, naturally will be less in a three- 
pole unit than in three single units. These conditions seem to 
make the three-pole unit the one to be adopted generally. 
However, I do not favor certain of the existing three-pole switches 
of the so-called “battleship”? construction. If the principal 
installation advantages set up by Mr. Blake for single-pole 


switches are used are specifications for three-pole switches, none - 
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of the latter’s many advantages need be considered except the 
greatly reduced cost. 


Under operating advantages there are several references to 
separating the phases either in the physical location or for opera- 
tion of the transformers. I believe this is a case of confusing 
what can be done with what is likely to be done. It is possible 
to separate phases in three transformer vaults but it is probable 
that one vault three times as long will be cheaper and better if 
polyphase load is to be supplied. The system of polyphase 
secondary distribution is primarily for better universal utili- 
zation of electric service, as methods of balancing are now suc- 
cessful without it. However, that balanced polyphase loads 
are desirable at all points on a system, is a design axiom. All 
progress up to this time points to polyphase rather than single- 
phase distribution transformers for ultimate use. If the stand- 
ard three-wire, single-phase system is taken as analogous to 
the polyphase system, it is evident that two single-phase, two- 
wire transformers could be placed in separate transformer vaults 
supplying a three-wire system. This is not likely to be found, 
however; in standard practise as all the capacity is found in one 
unit and a vault is built to take this-larger unit, as this design 
gives minimum cost. I believe similar conditions will hold as 
the polyphase system develops. 


Coneerning the operating situation with radial distribution, the 
single-pole substation switches had economical advantages which 
could be charged to reliability. Since, in network distribution, 
there must be, and is always, sufficient reserve on each phase 
to allow for a failure of that phase, in each locality where it exists 
it is certain that the remaining phases will have sufficient re- 
serve capacity to be eliminated in case of fault. Such operation 
does not have any effect upon service which can be equated 
against the increased cost, when the money, if necessary, could 
be expended to obtain an increased reserve upon all phases so 
that the particular phase in trouble would benefit by having a 
greater reserve. I doubt whether single-pole network switches 
are proper even with those systems already operating with 
three single-pole switches on four-wire, 4000-volt service, as new 
load will cause a higher voltage supply to be used than 4000 
volts. It is possible to superimpose the new load on to the 
existing system and avoid the double transformation which is 
otherwise required. 


Mr. Blake describes a method of cross-current compensation 
as the ‘“‘most promising.’’ It is, however, neither simpler nor 
easier of installation than others now in use.’ The several such 
connections should be given consideration before applying a 
definite arrangement to a particular system. The method de- 
seribed makes constant current and power factor the major 
considerations, while constant service voltage becomes a second- 
ary one. Constant and correct service voltage is one of the 
most important elements in the business. While the network 
insures reliability and better voltage regulation than on radial 
systems this latter should not be compromised unnecessarily. - 
It seems to me to be preferable to design the system for proper 
balance of load and have the regulating equipment give proper 
voltage under all conditions. The connection proposed does 
the opposite. Applying such a connection to a number of long 
feeders on an extended. network makes other connections prefer- 
able due to the voltage variation under the ordinary load shifting. 

It should be noted that a distribution network does not simu- 
late a bus in respect to voltage or to concentration of load as 
indicated in Fig. 3 of the paper. : 

I fail to find in the translator description any reference to 
the use of this connection on certain distribution transformer 
secondaries to join and supply the different mains. If such a 
device ever has a practical application I believe it will be neces- 
sary to make it up in such a form, rather than as an auto-trans- 
former, owing to cost and losses involved. Mr. Blake’s state- 
ment that each section of secondary mains on a Y-connected 
system is not likely to be well balanced is not in accord with the 


Sept. 1925 


purpose of adopting polyphase distribution. In some existing 
installations a certain amount of unbalance may exist due to 
the utilization having been designed for three-wire, single-phase 
service, but new installations are easily balanced and it is only 
in districts where growth of loads occur that any considerable 
amount of three-phase, four-wire mains are likely to be installed. 


D. K. Blake: Mr. Carey questions the application of the 
single-pole switch. Mr. Richter’s discussion also differed as 
to the application of the single-pole switch. It is recognized 
that the objection to the multiplicity of units for maintenance is 
valid. It is also recognized that a number of large companies 
will be able to utilize building and sidewalk space and, there- 
fore, for these places the triple-pole switch is preferable. In 
the synopsis of the paper is this statement: ‘‘The cireum- 
stances which make single-pole switching preferable are out- 
lined.’ It was my impression that there was a similar state- 
ment in the text, but on reading it over I notice there is not, 
and, therefore, some wrong conclusions might be drawn be- 
cause of this omission. In his discussion Mr. Richter seemed 
to deny that these circumstances exist at all. .He mentioned 
the cities where the large switches are being used. I agree with 
him that the triple-pole switch is preferable in these cities with 
one exception. Mr. Richter’s references to the design of the 
switches indicates he misunderstood the paper. No exclusive 
features are claimed. To include all of these features in a triple- 
pole switch presents serious difficulties which are expensive to 
overcome. The operating advantages of single-pole switching 
may be questionable. Some engineers believe it desirable. 


Mr. Richter mentions that the transfer switch shown in the 
Electric Journal, July 1925, corresponds to switch S shown in 
Fig. 3 of my paper.- Switeh S is a single-pole auxiliary switch 
whereas the transfer switch consists of four auxiliary switches 
or else one auxiliary switeh to control an electrically operated 
double-pole double-throw switch. The eross-connected scheme 
is not as simple in its operation. All regulators are not ad- 
justed at the same time according to the amount of circulating 
current passing through them but adjustment is obtained in 
a sequence. Mr. Kehoe’s statement that the proposed con- 
nection does not “give proper voltage under all conditions” 
is not clear to the author. The line-drop compensator in each 
feeder maintains constant voltage at the load center with vary- 
ing load. The impedances of the feeders may be different; 
some feeders may be long and some short. The proposed con- 
nection, by substituting a phase shifter at 7, can also be used 
with three-phase regulators which is not true of other connec- 
tions now in use. 

I want to thank Mr. Crawford for telling us of his experience 
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with the new regulator connection. We shall have to learn 
something about the operation of this connection on the systems 
where we use the sensitive reverse-power relay. I am glad to 
learn that Mr. Crawford has found a simple way of correcting 
the trouble. 


It is not evident to the author why the translator system “‘may 
easily result in voltage unbalances of at least 10 per cent at the 
motor terminals.’”’ The translator system is simply the tying 
together of four-wire combined light-and-power mains which 
are supplied by delta-connected transformers. The unbalance 
on these mains is due to the lighting load on one phase and since 
this is limited to 3 per cent regulation that is also the extent of 
the unbalance on a 230-volt circuit. Heavy power loads are 
usually supplied with individual transformer banks and, there- 
fore, it is not evident why larger or more manholes are necessary 
for this purpose on the translator system. 


The translator system may be used with single-conductor 
eable with two of the phase wires larger than the third—just 


as is done in radial practise. These sizes would not have to be 
changed from block to block but would be uniform over the 
system. The case of power load equaling half the lighting load 
required that the wire carrying the maximum current in the 
translator system use about 34 per cent more copper than for 
the star system instead of 60 per cent as given by Mr. Richter. 


Mr. Kehoe refers to a scheme using transformer secondaries. 
Such a connection is shown in Fig. 1, herewith, utilizing four 
standard distribution transformers. The main objection to 
this system is that it is tied up with the primary feeder making 
it necessary to provide two triple-pole network switches for pro- 
teetion. The translator is independent of the primary voltage. 
The fourth transformer is greater in ky-a. rating than the trans- 
lator and very much more expensive in ease of 13,200-volt or 
11,000-volt primaries. The fourth . transformer should be 
located in the same manhole with the other three while the 
translator may be located where convenient. Part of the light- 
ing load is supplied from open-delta connections. 


Report of the Board of Directors 


FOR THE FISCAL YEAR ENDING APRIL 30, 1925 


The Board of Directors of the American Institute of Electrical Engineers presents herewith to the member- 


ship its Forty-first Annual Report, for the fiscal year ending April 30,1925. 


A general balance sheet showing 


the condition of the Institute’s finances on April 30, 1925, together with other detailed financial statements, 


is included herein. 


The following is a brief summary of the principal activities of the Institute during the 


year; more detailed information has been published from month to month in the Institute JOURNAL. 


Directors’ Meetings.—The Board of Directors 
held nine meetings during the year; seven were held 
in New York and one each in Chicago, Ill., and St. 
Louis, Mo. 

Information regarding the more important activities 
of the Institute which have been under consideration 
of the Board of Directors, the committees, and the 
various officers, is published each month in the section 
of the JOURNAL devoted to ‘Institute Activities.” 


President’s Visits.—During his term of office, 
President Osgood has presided at the principal con- 
ventions of the Institute in Pasadena, New York City, 
and St. Louis. In addition he has visited, and ad- 
dressed, the members of numerous Sections and other 
engineering groups throughout the country, his itinerary 
having included Vancouver, Seattle, Spokane, Port- 
land, San Francisco, Panama, Havana, New York, 
Boston, Lynn, Pittsfield, Troy, Rome, Syracuse, 
Schenectady, Philadelphia, Washington, Atlanta, St. 
Louis, Milwaukee, and Madison. He has also ad- 
dressed meetings of engineering students at California 
Institute of Technology, Leland Stanford Jr. Univer- 
sity, Massachusetts Institute of Technology, Uni- 
versity of Pennsylvania, Rensselaer Polytechnic Insti- 
tute, Syracuse University, and the University of 
Wisconsin. 

Other meetings that President Osgood is scheduled 
to attend in May and June are: Regional Meeting, 
Swampscott, May 7-9; Cleveland Section, May 21; 
Utah Section and Utah Engineering Council, Salt 
Lake City, May 25; Society for the Promotion of 
Engineering Education, Schenectady, June 16; Annual 
Convention, Saratoga Springs, N. Y., June 22-26. 

Meetings.—The policy of holding in addition to the 
Annual business meeting four general meetings of the 
Institute each year was continued. The meetings held 
were as follows: Annual, Pacific Coast, Midwinter, 
and Spring Conventions. 

Annual Meeting.—The Annual Business Meet- 
ing was held at Institute headquarters, New York, on 
May 16, 1924. The Annual Report of the Board of Di- 
rectors for the fiscal year ending April 30, 1924, was pre- 
sented. The Tellers Committee made its report upon 
the election of officers for the administrative year begin- 
ning August 1, 1924. 

Following the business meeting President Harris 
J. Ryan gave a lecture on ‘““The Atmosphere as a Factor 


in Electrical Engineering.”’ This part of the meeting 
was held under the auspices of the New York Section. 

Annual Convention.—The Fortieth Annual Con- 
vention was held at Edgewater Beach, Chicago, IIl., 
June 23 to June 27, 1924. Seven technical sessions 
were held including parallel sessions on three mornings. 
Thirty-two papers were presented. One session was 
devoted to standardization including reports by sub- 
committees of the Standards Committee. The enter- 
tainment provided included sightseeing and inspection 
trips, golf, tennis, dancing, cards, etc. The attendance 
wasabout1000. Theannual conferences of the Sections 
Committee were held on Monday, occupying the entire 
day and evening; forty-two Sections were represented. 
A report of the conference was published in pamphlet 
form. 


Pacific Coast Convention.— The Thirteenth Pa- 
cific Coast Convention was held at Pasadena, Cal., 
October 18th to 17th, 1924. Eight technical sessions 
were held at which twenty-six papers were presented. 
The total attendance at the convention was 363. 


Midwinter Convention.—The Thirteenth Mid- 
winter Convention was held in New York, N. Y., 
February 9 to 12th, 1925. Twenty-five technical 
papers were presented at six sessions. Among events 
of particular interest were the ceremonies in connection 
with the presentation of the Edison Medal to John 
White Howell, the Smoker, and the numerous in- 
spection trips. Registration reached approximately 
1500. 


Spring Convention.—The Fourth Spring Con- 
vention was held in St. Louis, Mo., April 13th to 17th, 
1925. Seven technical sessions were held and twenty- 
six papers were presented. The attendance was 700. 

Regional Meetings.—During the year two 
meetings of a new type were held. These were the 
Conventions or Regional meetings of District No. 1 
and District No. 2 held respectively at Worcester, 
Mass., June 5th and 6th, 1924, and Washington, D. C., 
January 23rd and 24th, 1925. These Regional meet- 
ings were planned and carried out by the Sections 
located in the respective Districts through suitable 
District Committees organized in each case under the 
guidance of the Vice-president of the district. The 
Meetings and Papers Committee cooperated in obtain- 
ing many of the technical papers presented. These 
Regional Meetings are likely to increase in accordance 
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with the policy of decentralization formulated by the 
Officers of the Institute and of the various Districts 
and Sections. 


Abstracts of the reports of the chairman of many of 
the Institute committees and delegations are included 
herein under various headings. 


Meetings and Papers Committee.—The Meet- 
ings and Papers Committee during the past year has 
concerned itself with carrying to completion work so 
well started by the last committee including formu- 
lation of policies and procedure. The Committee 
has seriously studied the possibilities of regional con- 
ventions at the request of the Board and has formulated 
a policy with respect to the preparation of papers and 
programs for these meetings. This policy in brief 
recognizes the regional meetings as accepted Institute 
practise, places responsibility for the initiation of the 
meetings and the papers on the regional organizations, 
outlines a scheme ‘of regional committee organization 
for cooperating successfully with the national com- 
mittee organization, and endorses the principle that 
regional and sectional papers are eligible to the same 
treatment as papers presented at national conventions. 
As worked out with respect to the regional meetings in 
Districts No. 1 and No. 2 this year this policy has 
produced good results and the regional meeting promises 
to be a permanent feature of Institute activities in cer- 
tain districts. 

The national conventions of the year were outlined 

_and the programs were prepared with the idea of re- 
ducing the number and improving the quality of papers, 
securing diversity in topics treated, and obtaining good 
discussions. The first meeting of the year in Pasadena 
was unusually successful as it had a large and well 
diversified program and an attendance of members 
from all parts of the country. The cooperation of the 
local committee on the Coast enabled the Meetings and 
Papers Committee to help greatly in making the con- 
vention successful. 

The Midwinter Convention in New York was notable 
for the high-grade papers presented, the good discus- 
sions, and the absence of parallel sessions. 

The Spring Meeting in St. Louis embodied a well 
diversified program dealing very largely with applica- 
tion aspects of electrical engineering. A notable 
feature of this meeting was the papers and discussions on 
modern power stations. 

In the light of developments during the year it would 
seem that the present arrangement and number of 
conventions of the Institute meet the needs of the 
members, provide an adequate outlet for the technical 
paper production, and meet the budget requirements 
as to expenditures. A judicious culling of papers and 
scheduling of papers at more than one meeting solves 
the publication problem and gives better discussion, and 
the development of regional meetings permits of a 
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selection and a scheduling of papers with greater 
flexibility than has hitherto existed. The cooperation 
of the Meetings and Papers Committee with Sections 
and Geographical Districts has been continued and 
developed. 

It seems that the Institute organization and plans 
for the cooperation necessary to obtain good papers and 
programs at all Institute meetings are perfected and 
only constructive work along present lines is required to 
maintain the present degree of excellence in this aspect 
of Institute activity. 


Publication Committee.—The principal task of 
the Publication Committee is that of managing the 
publication of the JOURNAL, the TRANSACTIONS, and 
periodical indexes. 

The views of the Institute’s officers and members 
relative to publication policies have been developed 
through a series of more or less related committee 
actions. 

The Committee on Development, of 1919, in its 
Report presented various constructive suggestions 
which have enabled us in the main to meet the wishes of 
the majority of themembers. Broad consideration was 
given to publication problems by the Editing Com- 
mittee of 1919, and by a committee of the Section 
Delegates at the Swampscott Convention of 1923. 

Regulations adopted by the Publication Committee, 
approved by the Executive Committee, were published 
in the October, 1923, JOURNAL. With practically 
negligible complaint the policies announced at that 
time have been continued. 

It is difficult to print an equal number of pages of 
reading matter in each monthly issue of the JOURNAL, 
but the endeavor has been to limit the amount to about 
eighty pages of technical material, and: twenty pages of 
all other material, including ‘‘Institute and Related 


' Activities.”” Appropriation of funds for publication of 


the JOURNAL is made on this basis. 

In September, 1924, it became necessary to take 
advantage of the authority to abstract the longer papers, 
without invalidating the rule that every paper presented 
at a meeting shall have full publication in pamphlet 
form, in the JOURNAL, or in the TRANSACTIONS. 

It was so managed that all of the papers presented at 
meetings during the year 1924 were printed either in 
full or in abstract in the JOURNAL by the close of the 
year 1924, so that the January 1925 and following issues 
of the JOURNAL were available for the printing of 
papers presented at the Midwinter Convention, 1925, 
and at subsequent meetings. 

The dates of publication of discussion have been 
advanced considerably, thus bringing the dates of 
publication of papers and discussions closer together. 

All papers presented at Regional meetings of the 
Institute are considered for publication on the same 
basis as papers presented at National meetings. 

Rapid progress is being made in preparing for early 
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publication an Index to the TRANSACTIONS covering the 
years 1911-1921, inclusive. The determination of the 
end of the period covered was made in view of the fact 
that the Index should conform in book size with that of 
the TRANSACTIONS of that period. The size of the 
TRANSACTIONS page was changed to uniformity with 
the JOURNAL page beginning with January, 1922. 

The Publication Committee welcomes communica- 
tions from the membership bearing on publication 
matters and the character of the JOURNAL. All such 
communications receive careful attention at meetings 
of the committee. 

Sections and Branches.—The great increase in 
Institute membership during the last few years and the 
wide distribution of that membership has necessitated 
the development of plans providing for participation 
in A. I. E. E. activities of that large portion of the 
membership who, because of their location, cannot 
conveniently attend the national meetings. The Re- 
gional Meetings which have been held at Worcester, 
Mass., Washington, D. C., and Swampscott, Mass., (the 
latter having been held May 7-9, 1925) are indicative 
of this development. The more thorough organization 
and the activity of District Executive Committees and 
a closer affiliation of all Sections with the national 
Meetings and Papers Committee, are still other steps 
in that direction. Each year these problems on Section 
developments are thoroughly discussed at the Sections 
Committee Conference during the Annual Convention. 
During the year two new Sections have been authorized, 
Nebraska and the Niagara Frontier. 

A similar development of Student Branches has also 
occurred with plans under way for a more effective 
supervision and direction of their work. New Branches 
were authorized at New York University, South 
Dakota State School of Mines, and Missouri School of 
Mines and Metallurgy. 


For Fiscal Year Ending 


May 1 May 1 May 1 May 1 
1919 1921 1923 1925 
SECTION 
Number of Sections...... 34 42 46 49 
Number of Section meet- 
Ines olde whic. asec 217 303 344 386 
Total Attendance........ 25,837 37,823 46,672 49,029 
BRANCHES ; 
Number of Branches..... 61 65 68 82 
Number of Branch meet- 
AVIS ONG teres es sic eee 156 443 503 548 
Attendances, si%iassan. <8 6,441 21,629 26,893 27,603 


Standards Committee.—During the past year, the 
Standards Committee has made great progress in the 
revision of the Institute’s standards. Five sections 
of the revised standards have been adopted by the 
Board of Directors and the work on numerous other 
sections has been carried so far along that it is expected 
before the end of the Institute year the revision will be 


substantially complete as regards sections dealing with - 
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types of apparatus or branches of the art which are 
covered in detail in the 1922 Standards of the Institute. 
With the issuance of these sections a large amount of 
work will remain in the completion of additional sections 
covering standards for other types of apparatus or 
branches of the art; these are now in course of prepara- 
tion, or are contemplated in the general scheme of the 
revision of the Institute Standards. 

The Standards relating to each type of apparatus 
are condensed into a small pamphlet making it im- 
mensely easier to determine beyond doubt what are 
the standards applying to that type of apparatus, a 
determination which, with the growth of the Institute 
Standards in their old form to a sizable volume, had 
become a task, in spite of an excellent index. 

Furthermore, the subdivision of the Standards has an 
essential effect on the case with which they can be 
revised, it being-now possible to make revisions in the 
Standards dealing with each class of apparatus, with- 
out involving changes in a large book. 

Perhaps the most important effect of the revision, 
however, is the extent to which it facilitates cooperation 
with other organizations interested in electrical 
standardization. There is no other single organization 
actively interested in all of the Institute Standards 
as the Institute alone covers broadly the field of 
electrical industry. However, with regard to almost 
any individual section of the revised Standards, there 
are one or more organizations doing standardizing 
work in an allied field or so closely identified with that. 
field, as to form desirable co-partners with the Institute 
in the formulation of standards. 'Therevised Standards 
contain a large amount of new material of value and 
there are included standards for types of apparatus 
covered slightly or not at all in the earlier work. Out- 
standing examples of this are the standards for insu- 
lator tests, the standards for electrical measuring 
instruments, and the standards for are and resistance 
welding apparatus. . 

During the year the Standards Committee has con- 
tinued its work in coordinating the numerous standardiz- 
ing activities of the Institute. The Institute is sponsor 
for nine projects organized under the rules of the Ameri- 
can Engineering Standards Committee and has repre- 
sentation on twenty-three additional committees. 
The Standards Committee works also in very close 
cooperation with the U. S. National Committee of the 
I. E. C., and has done a large amount of work preparing 
information for the guidance of the delegates at the 
Hague Meeting in April of this year. Attention has 
been given by the Standards Committee to the closest 
possible coordination between its work and that of the 
technical committees so that the Standards Committee 
might take advantage of all suggestions which the 
technical committees could make as to desirable fields 
and scope of new standards in accordance with the 
recommendations of the Committee on the Review 
of the Technical Activities of the Institute. 
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The present organization of the Standards Committee 
was set up by the Board of Directors in 1922 in view of 
the increase in complexity of the standardization work 
in which the Institute is directly concerned, in order to 
to bring about a complete coordination of the Institute’s 
standardizing activities. This is carried out by having 
on the Standards Committee representatives of all the 
different standardizing committees or commissions in 
which the Institute is cooperating. These organiza- 
tions are now 58 in number and include in their member- 
ship a total of over 900 men, not excluding as duplicates 
men who are on more than one committee. In order to 
enable this large committee to function efficiently, the 
administrative work is carried on by a small executive 
committee. It is believed that this organization is 
admirably suited to the requirements of the present 
situation and has resulted in excellent progress in the 
Institute’s standardizing work. 


American Engineering Standards Committee.— 
The American Engineering Standards Committee 
which was organized in October 1918 by the A. I. E. E. 
and four other societies serves as a national clearing 
house for engineering and industrial standardization, 
and provides an information service on engineering and 
industrial standardization matters. The ultimate re- 
sponsibility for and control of the work rests with the 
organizations whose representatives constitute the 
Committee. 

TH scan Engineering Standards Committee is 


priy he purpose of insuring adequate pro- 
ce¢ srmulation of standards and establishing 
ry i s9est be observed by the cooperating bodies 
i/ ») the approval of the Committee may be 


Z ‘0 national trade, technical, scientific, and 
regulating organizations are now cooperating bodies; 
a total of 160 projects in different fields have official 
status, 19 of these having been approved as American 
Standard, and 41,as Tentative AmericanStandard. The 
Institute is sponsor or joint sponsor for nine projects as 
follows: Safety Code for Elevators, lightning protec- 
tion, rating of electrical machinery, wires and cables, 
symbols for the electrical equipment of buildings, 
electrical properties of aluminum, electrical installa- 
tions on shipboard, scientific and engineering ab- 
breviations and symbols, and radio. The Institute is 
also participating in 18 others by representation on 
Sectional Committees of other sponsors. The Institute 
is also participating in the revision of two important 
electrical codes, the National Electrical Code and the 
National Electric Safety Code. Agreement has been 
reached to undertake the unification of overhead line 
material, including certain classes of insulation, and the 
unification of specifications for poles, bare and insulated 
copper conductors, in which work participation by the 
A. I. E. E. will also be given. 

In carrying out the work of the Committee an in- 


- United States in 1927. 
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formation service has been established. A complete 
file of American and foreign standards is being gradually 
compiled and is available to the Institute and its 
Standards Committee. Close cooperation is main- 
tained with foreign organizations which is of value to 
the A. I. E. E. in lines not covered by the I. E. C. 


U. S. National Committee of I. E. C.—The 
past year has been a very active one for the U.S. 
National Committee, inasmuch as a meeting of the 
Advisory Committees of the I. E.C. was held in 
London, July 15th to 18th, 1924. The U.S. National 
Committee was represented at this meeting by the 
following delegates: C. L. Collens, E. C. Crittenden, 
L. L. Elden, H. M. Hobart, A. E. Kennelly, C. O. 
Mailloux, Clayton H. Sharp, C. E. Skinner. 

A considerable amount of very important work was 
transacted at this meeting. An extensive report on 
this has been prepared and is available at A. I. E. E. 
headquarters. 

It was arranged at the London meeting of the Com- 
mittee on Action, held subsequent to the meetings of the 
Advisory ‘Committees, that the next meeting of the 
Advisory Committees should be held in The Hague, 
April 16th to 28rd, 1925. 

Preparation for this meeting and for representation 
by a suitable delegation has involved a large amount of 
work on the part of the U.S. National Committee. 
The Standards Committee of the A. I. E. E. has been 
particularly helpful in preparing matter for submission 
to the U. 8. National Committee. 


U. S. National Committee International Com- 
Mission on I]lumination.—The past year has been 
an important one for the U. S. National Committee, 
I. C. I., inasmuch as a plenary session of the Com- 
mission was held in Geneva, Switzerland, July 22nd 


‘to 25th, 1924. The meeting was attended by a num- 


ber of prominent A. I. E. E. delegates. 

The work of this Commission is divided into two 
parts. One consists of papers and the other in the 
adoption of standards. It is gratifying to note that 
at Geneva the Commission adopted a number of the 
proposals laid before it by the U. S. National Committee 
and that this Committee was represented also by 
some very able and interesting papers. The meeting was 
reported in the October 1924 JOURNAL of the Institute. 

One gratifying conclusion which the Commission 
reached was to hold its next plenary meeting in the 
In the meantime the work of 
the National Committee is being directed toward the 
development of a representative and creditable pro- 
gram for this first American meeting of the Commission. 

Committee on Safety Codes.—The Committee on 
Safety Codes of the American Institute of Electrical 
Engineers is made up of representatives of the Institute 
assigned to cooperate with various standardizing 
committeesin matters relating to National Safety Codes. 
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The chief work of the committee during the past 
year has been in connection with the revisions of the 
National Electrical Code. The Institute has been 
represented on the Electrical Committee of the National 
Fire Protection Association and has assisted in the 
revision of the Code through its representation on that 
Committee and on its various technical sub-committees. 

The Institute will be represented by regularly ap- 
pointed delegates at the annual meeting of the National 
Fire Protection Association, to be held in Chicago in 
May, at which time the recommended changes in the 
Code will be considered for adoption. 


American Committee on _ Electrolysis.—The 
American Committee on Electrolysis has been practi- 
cally inactive during the past year, pending the decision 
by the various organizations represented on the Com- 
mittee regarding the continuance of the work. 

The expectation outlined in April 1924, to the effect 
that these organizations would financially support the 
work of the Committee, has not been realized, although 
a majority of such organizations are in favor of such 
support. Asa result the work of the main Committee 
has been inactive, although the work of the Research 
Sub-Committee has gone forward as well as it could 
without such financial support. 

Technical Committees.—Reports on Technical 
Committees embracing an outline of the year’s work 
and a summary of progress in the industry will be 
presented at the Annual Convention and printed in the 
JOURNAL, 

Membership.—The results of the Membership Com- 
mittee’s efforts this year are shown in the following table: 


_ Honorary | 
Member |Fellow!Member | Associate} Total 
Membership, 
April 30,1924). 3.2.. 6 594 2,359 13,496 16,455 
Additions: 
Transferred........ 11 64 
New Members Quali- 
rit 1 he eee 1 80 1,901 
Reinstated...,..... 3 7 61 
Deductions: 
1 DLs FCs Ta eck Ieee 2 7 13 62 
Resigned........... 3 23 316 
Transferred........ 10 65 
Dropped a Asaceee es 2 28 734 
Membership, 
April 30, 1925....... 4 597 2,436 14,281 17,318 


Net increase in Membership during the year............. 863 
Deaths.—The following deaths have occurred during 
the year: 
Honorary Members: C. E. L. Brown, Oliver Heavi- 
side. 
’ Fellows: Henry M. Byllesby, Henry J. Crowley, 
John L. Harper, James A. Lighthipe, Charles B. 
McLeer, Charles O. Poole, Hubert S. Wynkoop. 
Members: Lawrence Birks, Fred A. Bryan, Earnest 
L. Buttler, Patrick B. Delany, Henry C. Egerton, 
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Frederick A. Hall, Walter E. Harrington, Arthur Jacob, 
Nathaniel S. Keith, Benjamin G. Lamme, T. Com- 
merford Martin, Harry F. Randolph, F. J. T. Stewart. 
Associates: Chester T. Allcutt, August Andrew, 
John R. Bainton, Charles H. Baker, Charles L. Baker, 
Ferdinand N. Bechoff, Ernest F. Bliss, William W. 
Bradfield, Harry Bruns, William T. Burns, Gordon 
Cameron, James G. Cockran, James A. Crawford, 
Edward H. De Witt, John M. Elwell, James B. Foote, 
Eugene Frank, John M. Frase, William H. Funk, 
Thomas A. Furlong, Edward R. Gorman, George H. 
Groenke, Joseph M. Harrison, Lafayette B. Hedge, 
William E. Holcombe, Theodore R. Johansen, Henry 
H. Lyon, James E. Macauley, Elmer K. McDowell, 
George S. McLaren, Samuel H. McLeary, Henry F. 
Mitchell, Nicholas G. Morrell, Geoffrey C. Nicholson, 
Thomas W. O’Reilly, Charles H. Parker, Frederick W. 
Pastor, Claiborne Pirtle, Herbert S. Potter, Clarence 
Renshaw, Ralph C. Rodgers, Edgar Russell, A. Gero 
Schmidt, Max Schmidt, Henry K. Sellers, Oscar D. 
Smalley, Earle H. Shive, Charles 8. Sperry, Stanley 
S. Stevens, Charles R. Sturdevant, Walter D. Sultan, 
Howard W. Thomas, Robert W. Thompson, Stephen 
N. Tillman, Claire P. Upson, Foster Veitenheimer, 
Theodore Vladinoroff, Mabel Weil, Leslie W. Wilcox, 
John E. Wilson, Santaro Yamato, James B. Yeakle. 


Board of Examiners.—The Board of Examiners 
during the year held ten meetings, averaging about 
three hours. It considered and referred to the Board 
of Directors a total of 3912 applications for admission or. 
transfer to the higher grades. 


APPLICATIONS FOR ADMISSION 


Recommended for grade of Associate..... 2006 
Not recommendedss.0 5... 4sn cade eee 14 2020 
Recommended for grade of Member...... 15 
Not recommended for admission tothisgrade 29 104 
Recommended for grade of Fellow........ 1 
Notrecommended for admission to thisgrade 3 4 
Recommended for enrolment as Students. . 1669 


APPLICATIONS FOR TRANSFER 


Recommended for grade of Member...... 63 
Not recommended for transfer to this grade beet el 
Recommended for grade of Fellow........ 12 
Not recommended for transfer to this grade Sadi 


PROPOSALS FOR TRANSFER 
Informally Recommended............... i Ceegtt Et 


Total number of applications considered. . 
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Proposed Constitutional Amendments.—In the 
spring of 1924 the Board of Directors appointed a 
committee to consider a revision of the election pro- 
cedure of the Institute. This committee formulated 
and recommended a new plan, which was referred to a 
Committee on Revision of the Constitution. 

The latter committee considered the above plan 
relating to election procedure and also numerous other 
suggestions from various sources relating to the con- 
stitution, and finally made recommendations to the 
Board of Directors at. a meeting in January 1925, 
embodying proposed amendments which in accordance 
with the action of the Board were sent to the member- 
ship with a letter ballot, under date of February 25, 
1925, 

The proposed amendments relate to the following 
subjects: qualifications for membership; admission, 
transfer, and expulsion of members; dues; life 
membership; election, terms, and changes in titles, 
of officers. 

The result of the voting upon these proposed consti- 
tutional amendments is not known at this writing, but 
it will be reported at the Annual Meeting of the Insti- 
tute on the evening of May 15, 1925. 

Scholarships.—The governing bodies of Columbia 
University have placed at the disposal of the Institute 
two scholarships in electrical engineering in addition to 
the one previously granted. In consequence, the 
Institute is now authorized to award a scholarship each 
year so that there may be one man in each class holding 
a scholarship on the nomination of the Institute; these 
- scholarships will continue until further notice. Each 
scholarship pays $350 toward the annual tuition, and 
reappointment for completion of course is conditioned 
upon the maintenance of good standing. 

The second award was made to Mr. T. Horiuchi of the 
University of Colorado, who holds a scholarship for the 
academic year 1924-1925. 

Institute Prizes.—At the meeting of the Board of 
Directors of the Institute of April 16, 1921, recom- 
mendations were approved establishing two Institute 
prizes to be awarded yearly to authors of worthy 
papers. Each prize consists of $100 in cash with 
suitable certificate. 

The Transmission Prize for 1923 was awarded to 
J. L. R. Hayden and Charles P. Steinmetz for their 
paper entitled “High Voltage Insulation.’”’ Honorable 
mention was given to Howard 8S. Phelps and E. D. 
Tanger for their paper entitled ‘““A New Method for 
Routine Testing of Alternating-Current High-Voltage 
Paper Insulated Cables’ and to F. 8. Dellenbaugh, 
Jr., for his paper ‘‘Artificial Transmission Lines with 
Distributed Constants.”’ No eligible paper was en- 
tered in competition for the First Paper Prize. 

On September 26, 1924 the Directors approved the 
establishment of yearly “First Paper’ and “Best 
Paper” prizes of $25.00 in each of the ten geographical 
districts. 
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Edison Medal.—The Edison Medal for 1924 was 
awarded to John White Howell, Harrison, N. J., “for 
his contributions toward the development of the 
incandescent lamp.” The presentation ceremonies 
took place Wednesday evening, February 11, 1925, at 
the Midwinter Convention, New York, N. Y. 

John Fritz Medal.—The John Fritz Medal Board 
of Award, which is composed of representatives of the 
national societies of Civil, Mining, Mechanical, and 
Electrical Engineers, awarded the 21st medal to John 
Frank Stevens of New York for great achievements as 
a civil engineer, particularly in planning and organizing 
for the construction of the Panama Canal; as a builder 
of railroads, and as administrator of the Chinese 
Eastern Railway.’’ The medal was presented at New 
York, ata meeting held on the evening of March 
23, 1925: 

Lamme Gold Medal.—A bequest of $6000 was made 
by the late B. G. Lamme to cover the annual award 
by the Institute of a gold medal to a member who has 
shown meritorious achievement in the development of 
electrical apparatus. Details are to be arranged. 

Kelvin Medal Award.—On December 14, 1923 the 
Committee of Award of the Kelvin Medal Trust named 
Dr. Elihu Thomson of Swampscott, Mass., as the re- 
cipient of the second triennial award. The Trust Fund 
represents the surplus obtained in connection with a 
call for subscriptions to erect a memorial window to 
Lord Kelvin in Westminister Abbey. The award is 
made by a committee composed of the Presidents of 
the principal representative British Engineering Insti- 
tutions, as a mark of distinction to a person who has 
achieved eminence as an engineer or investigator in the 
kind of work applicable to the advancement of engineer- 
ing with which Lord Kelvin was especially identified. 
The presentation of the medal took place at the 
Kelvin Centenary Celebration, London, England, on 


- the afternoon of Thursday, July 10, 1924. After the 


presentation by Sir Charles L. Morgan and response 
by Dr. Thomson, the Kelvin oration was delivered by 
Sir Joseph J. Thomson. 

Commission of Washington Award.—The 
Washington Award for 1924 was voted to Arthur 
Newell Talbot, Professor of Municipal and Sanitary 
Engineering, University of Illinois, and the presenta- 
tion was made at the annual meeting of the Western 
Society of Engineers, held June 9, 1924. This award 
was made “for his life work as a student and teacher, 
investigator and writer, and for his enduring contri- 
bution to the science of engineering.” 

Jonas Waldo Smith has been named as the recipient 
of the 1925 award. 

The award is made annually by a committee com- 
posed of nine representatives of the Western Society of 
Engineers and two each from the A. 8. C. E., the 
A. I. M. E., the A. S. M. E. and the A. I. E. EK’ The 
award of the medal was established in 1917 by Past 
President J. W. Alvord of the Western Society “to be 
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annually presented to an engineer whose work in some 
special instance, or whose service in general, has keen 
noteworthy for its merit in promoting tke public good.” 
The endowment hask een increased $2000 by its founder. 


Employment Service.—The employment service 
which the Institute has maintained for many years is 
now conducted as a cooperative bureau in conjunction 
with a similar service maintained by the National 
Societies of Civil, Mining and, Mechanical engineers 
under tke title “Engineering Societies Employment 
Service.”” It is supported by the joint contributions 
of the societies and their individual members who are 
benefited. 


As in the past the Service consists principally in 
acting as a medium for bringing together the employer 
and the employee. In addition to continuing the 
publication of the “Employment Service Bulletin”’ 
in the monthly Journals and the weekly subscription 
bulletin, the Secretaries of the four societies in their 
capacity as members of the supervising board are 
arranging for the establishment of branch offices of the 
service in other cities. It is hoped to continue this 
development from year to year as conditions warrant. 


American Engineering Council.—This organiza- 
tion of which the Institute is one of the constituent 
societies has had an active year in the service of the 
engineering profession. The Annual Meeting of the 
Council was held in Washington, D. C., in January 
1925, and the Administrative Board held three meet- 
ings during the year. Council was active in connection 
with the passage of the Clarke McNary Act providing 
a comprehensive forestry policy; it sponsored the 
Temple Bill calling for the completion of the topo- 
graphical map of the United States; assisted in securing 
additional space, personnel and equipment for the 
Patent Office; appeared at hearings for providing in- 
creased salaries for Federal judges, hearings on the 
Muscle Shoals project, and in connection with govern- 
ment reorganization and centralization of engineering 
functions in one division. Among other actions taken 
were:—authorization of a committee to study the 
Reclamation Report and make recommendations; 
appointment of a committee on Aeronautics; authori- 
zation for publication of manuscript on ‘Industrial 
Coal, Purchase, Delivery and Storage.’”’ An active 
part was also taken in many other national and inter- 
national conferences and the staff furnished a large 
amount of direct service to member societies in- 
cluding obtaining of speakers, making appointments 
with government officials, and recommending qualified 
engineers for important public and private work. 

The representatives of the Institute upon the 
Assembly and Administrative Board of the Council 
have continued to take an active part in the work. 


World Power Conference.—The first World Power 
Conference was held in London, June 30 to July 12, 
1924. It was held at the British Empire Exhibi- 
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tion, Wembly, London, and was promoted by the 
Council of the British Electrical and Allied Manu- 
facturer’s Association, in cooperation with Technical 
and Scientific Institutions in Great Britain and other 
countries. A large delegation of members of the 
A. I. E. E. and other American engineering societies 
was in attendance. 

The Conference was called for the purpose of dis- 
cussing the technical and economic problems of power 
development, transmission and utilization, and for 
promoting general interest in power development. 
The question of how the industrial and _ scientific 
sources of power may be adjusted nationally and inter- 
nationally was also considered. 

A condensed classification of the topics discussed 
indicates the wide scope of the Conference: Power 
Resources, Power. Production, Power Transmission 
and Distribution, Utilization of Power, and General— 
including Economics, Financial and Legal Considera- 
tions, Research, Standardization, Education, Health 
and Publicity. Forty papers were presented by Ameri- 
can authors. Numerous receptions, luncheons, ban- 
quets, and other social features were arranged by the 
various National Committees and other organizations. 
The complete Proceedings will soon be available in 
book form. 

United Engineering Society.—This Society per- 
forms for the national societies of Civil, Mining, Me- 
chanical and Electrical Engineers certain specific acts 
which are governed by contracts, the primary function 
of the United Society being to hold in trust and to 
administer for these societies the Engineering Societies 
Building, in which the headquarters of the national 
societies are located. 

Extracts from the annual financial report of the 
United Engineering Society were published in the 
March 1925 JOURNAL. 

Engineering Societies Library.—The library of 
the Institute is combined with the libraries of: the 
national societies of Civil, Mining and Mechanical 
Engineers, administered as the “‘Engineering Societies 
Library” under the direction of the Library Board of 
the United Engineering Society; this board is com- 
posed of representatives of each of the four societies 
referred to above. 

In order to place the facilities of the library at the 
disposal of persons residing at a distance from New 
York, a Library Service Bureau has been established, 
and a staff of expert searchers and translators is 
employed to cover almost any engineering topic, in 
the following manner: abstracting, translating, bib- 
liographing, statistical searches and reports, searches 
for patent purposes, copying, preparing reference cards, 
ete. A lending department is also maintained. 

A copy of the annual report of the Engineering So- 
cieties Library covering the calender year 1924 may be 
obtained by applying to Institute headquarters. 

Engineering Foundation.—Engineering Founda- 
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tion is a trust fund established in 1914’ by Ambrose 
Swasey, of Cleveland, Ohio, by gifts to United Engi- 
neering Society as a nucleus of a large endowment 
“for the furtherance of research in science and in 
engineering, or for the advancement in any other 
manner of the profession of engineering and the good 
of mankind.” It is administered by the Engineering 
Foundation Board upon which the Institute and 
other national engineering societies are represented. 
The Board is a Department of United Engineering 
Society. 

The Foundation has made appropriations for various 
research projects and has cooperated in others. 

The annual report of the Foundation is available in 
printed form. 
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Representatives.—The Institute has continued 
its representation upon various national committees 
and other local and national bodies with which it has 
been affiliated in past years, and has accepted sponsor- 
ship and appointed representatives upon a number 
of new Sectional Committees of American Engineering 
Standards Committee. A complete list o* representa- 
tives is published frequently in the JOURNAL. 

Finance Committee.—During the year the com- 
mittee has held monthly meetings, has passed upon the 
expenditures of the Institute for various purposes, 
and otherwise performed the duties prescribed for it in 
the Constitution and By-laws. 

Haskins and Sells, certified public accountants, have 
audited the books, and their report is appended. 


Respectfully submitted for the Board of Directors, 


New York, May 15, 1925. 


i thee Be HUTCHINSON, Secretary. 


HASKINS &- SELLS 


CERTIFIED PUBLIC ACCOUNTANTS 
37 WEST 39TH STREET 


NEW YORK 


May 12, 1925. 
American Institute of Electrical Engineers, 
33 West 39th Street, 
New York. 


Dear Sirs: 

Pursuant to engagement, we have audited your books 
and accounts for the year ended April 30, 1925, and 
submit herewith our certificate and the following 
described exhibits and schedule: 

Exhibit ‘‘A’’—General Balance Sheet, April 30, 1925. 

Schedule No. 1—Reserve Capital Fund—Securities. 

Exhibit “B’—Summary of Income and Profit & 
Loss for the Year ended April 30, 1925. 

Yours truly, 
HASKINS & SELLS 


ATLANTA 
BALTIMORE 
BIRMINGHAM 


KANSAS CITY 
LOS ANGELES 
MINNEAPOLIS 
NEWARK 

NEW ORLEANS 
NEW YORK 
PHILADELPHIA 
PITTSBURGH 
PORTLAND 
PROVIDENCE 
SAINT LOUIS 


SALT LAKE CITY 
SAN DIEGO 

SAN FRANCISCO 
SEATTLE 

TULSA 
WATERTOWN 


BOSTON 
BUFFALO 
CHICAGO 
CINCINNATI 
CLEVELAND 
DALLAS 
DENVER 
DETROIT 


BERLIN 
LONDON 
PARIS 
SHANGHAI 


CANADA ~- CUBA = MEXICO 


DELOITTE, PLENDER, HASKINS & SELLS 


AMERICAN INSTITUTE OF ELECTRICAL 
ENGINEERS 


CERTIFICATE OF AUDIT 


We have audited the books and accounts of the 
American Institute of Electrical Engineers for the 
year ended April 30, 1925, and 

We Heresy Certiry that the accompanying 
General Balance Sheet properly exhibits the financial 
condition of the Institute at April 30, 1925, that the 
Summary of Income and Profit & Loss for the year 
ended that date is correct, and that the books of the 
Institute are in agreement therewith. 

HASKINS & SELLS 
NEW YORK, 
May 12, 1925. 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


EXHIBIT A. GENERAL BALANCE SHEET, APRIL 30, 1925 
ASSETS LIABILITIES 
REAL ESTATE: CuRRENT LIABILITIES: 
One-Fourth Interest in United Engineering Accounts Payables bs cai een eoisieratics ean $12,150.01 
Society’s Land, Building, and Building Equip- Dues Received an! Adwances nese ei onene ake 3,158.25 
ment, 25 to 33 West 39th Street (Depreciation Entrance Fees and Dues Advanced by Applicants 
carried on Books of United Engineering Society) $491,642.36 for. Membership: ton <nidete tories, acre tae aie 541.00 
EQUIPMENT: Subscriptions for ‘‘Transactions’ received in 
Library—Volumes and Fixtures..............-.. $40,539.85 AAV ANGERS atarax Silat loreal NASI eee eee ee 113.00 
Works of Art, Pamtings, bCs5 jie cuss pc eviews 3,001.35 wa 
Office Furniture and Fixtures........ $16,611.46 Total ‘Carrent: Liabilities: aceeeaee oe eee $ 15,962.26 
Less Reserve for Depreciation (in- j FuND RESERVES (Not INCLUDING DEPRECIATION RESERVES): Bs 
cluding $4,500.00 funded).......... 11,458.52 5,152.94 Reserve Capital Mundi. oe seioesicieete + $58,046.09 A 
a Se Rafe: Membership) iind seen a aeie tNteeeeeieete 6,940.75 
Total Equipment...... Braet aise Nien tacemtaive 48,694.14 International Electrical Congress of St. Louis— 
WorKING ASSETS: : Library Pusidia.. 25 acento aetna 3,774.18 
Transactions Cbs seismel es oi sista iea.nsieua.ee eucimreveeve $12,655.45 Maillowx. Bunda 2 akicck ook oe Re eee eee 1,031.97 
Paperand. Cover Paper anendecse onde 1. Senras 3,612.34 Midwinter Convention Fumd......7..5..0eseu~e 155.62 
Bad eG iano eievs sustine & crave nie waist taysl sere iets) eke] Oisre) eretsi 2,024.30 
ee Total Fund Reserves (Not Including Depre- 
MovalmwWorking Assets jie sckreitacreeee ere. 18,292.09 ciation Reséryes)). anes sereeer nore $ 69,948 61 
CuRRENT ASSETS: SURPLUS) = bere Eediibotte 1S) aaa ee antennae 589,487 86 
GASH Se oye eet ee cae tien resets s feyacasttaaks, anavehsveieiayeastetens $22,013.18 a 
Accounts Receivable: 
Members Bor Des i 6 </</<ie.cuecels e101 01s oe alle)evstraleie ioe 16,372.70 
AIAVERGISEES |. aycyeve for sheienoradece) oue eso teletoiacs lone miisncbe igre eae 2,079.27 
Miscellaneous cc.scrsrcke aieles teiekorcelete wae pavegeheroretoke 1,057.10 
Accrued Interest on Investments................ 438.52 
Accrued Interest on Bank Balances............... 360.76 
Notal\GCurrentsAssets jaa sle averse o erstoncte 42,321.53 
FUNDS: a 


Reserve Capital Fund—Securities—Schedule No. 1. $58,046.09 
Life Membership Fund: 
Cache ae yaaa citocielaicte Goa came Siete $ 2,038.67 
Chicago, Burlington & Quincy Rail- 
road Company 4% Registered 
Bonds, 1958, par Value $5,000.00 4,868.75 
Aceruedsinterests .6ci5 2 teres « eistet os 33.33 6,940.75 
International Electrical Congress of 
St. Louis—Library fund: 
Sas bichas Ge orcutis cre epee a eke ye $ 623.88 
New York City 4%% Corporate 
Stock, 1957, Par Value $2,000.00. 2,204.05 
New York Telephone Company 
414%4% Registered Bond, 1939, Par 
Matlite $1 000;005 -.26 2 3....60 wipes 878.75 
corte diinterest’ shasjcisicie giejaie v0 2/6 + 67.50 3,774.18 


Mailloux Fund: 


New York Telephone Company 
414%4% Registered Bond, 1939, Par 


Value: SE'O00/00- sooo deas ec ocls 1,000.00 
Aceruéd: Interests. avieje vise os biecicie 22.50 1,031.97 
Midwinter Convention Fund—Cash.............. 155.62 y 
Depreciation of Furniture and Fixtures Fund— We 
CaStbryciore wie eatin a ieteiss c Pie oracerotoial Sfeleverscsisietes pisses 4,500.00 
peste utnisci S eieyteotsvemia sr etraisis tora lets cic: cieletietel asin sipinis 6 74,448.61 


INSTALL Ah agohe cane bonAdodosrDaunD eta COT NOOnOnEdGoe $675,398.73 Use om ocoe MAO SOLO ccCqomtEDarOpodens $675,398 .73 


REPORT OF BOARD OF DIRECTORS 


SUMMARY OF INCOME AND PROFIT & Loss 
FOR THE YEAR ENDED APRIL 30, 1925 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


Net INcoME (FORWARD) 
Prorit & Loss CREDIT: 
Adjustment of Inventory of Library Volumes and 
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$ 24,986.62 


Exuisit B. KE CeS ee ate eee ele eaters) doe. @ Se weet ditdiars 62.58 
INCOME: GROSS ‘SURPLUS POR THE: ViEARW 4 ccc doce tur $ 25,049.20 
DUES serrcisinaiye es Ui Tae ae ce sre toons are *$184,140.59 Prorin & Loss Cuarcus: 
Students’ Dues. ...-........00-.-- eee eee 10,664.96 Uncollectible Dues Written Off.............-..5. $ 6,744.00 
IDPAn PGA NOS INET 5 on gpecaome os od On Oro o10 6 oO OD 10,297.50 Provision for Depreciation of Furniture and Fix- 
Transfer Fees............ 020s e esse eee cee 705.00 EUR RAMS a OD ade Oh CUE So Shar Tae eos 709.79 
PNG VET GIGI eres ere estore a retra ide rious ia os. soi'es Atorlealelowe er eleks 67,833.91 Adjustment of Inventory of Furniture and Fix- 
Ournal SUPSOrtptONS\sepe ois .cicle ele ee -vdieis, oi aeieasi ei 7,294.87 HUTES GAMTINSO OD Seen ee malo. Fe 157.30 
exDYANSACtIONS+ (OUDSCTIDLLONS. «07 0s < ocein itis © 8,833.00 Adjustment of Inventory of ‘‘Transactions,” 
Miscellaneous Salesz ss vwiceins sels sete ele el-lsie iets 5,962.46 Apal SOO 25 ae ee ee ee see eth Lo 143.00 
Bad es! SOlds Warne < cistern atave che eke ats <i $ 5,027.00 . 

IEssuCOssatunr a cence cccotevelas 3,949.96 1,077.04 BRT Als Ota Dee a ta RY on On, ene 7,754.09 
Interest on Securities in Reserve Capital Fund... 2,612.93 SURPLUS ROR: THE, EAR iste facie ane eles $ 17,295.11 
imtereston Bank Balancess)j.. 2.01 -)ec0 0 ss os a 1,450.83 SURPLUS ae Mayall: 10246 ate eee ge one We $586,031.50 

ee Less Transferred to Capital Fund Reserve in 
PEO GAT: orcas saya aetsceterend ate eh Mehra ake eaten lces $300,872.09 Wecordance | with “Resolution (of Board) of 
EXPENSES: Divetintsh.aaateie hor om + serene erank Tens 13,838.75 572,192.75 
Publications: 

AGREEING 2 oo ja dpe mmeok. 0-0 ata oor $99,993.80 SURPEUS; “APRIUESO, 1925) .\c dere $589,487 .86 

SPPMAMSaCHOns.: socitisiciysie > «ae sesrere 15,489 . 44 

BY GeaviEs OG Ke, Ae toda. epider ous] cnet 7,448.23 $122,931.47 
IMIGE LISS epee Weert eelegarc, Roiskette = lone el coaseiar dite ah eyensietal o's 17,861.63 
Administrative Hxpenses). 0.5. les eee ee ee 50,721.76 
SectionspCommstteen a. a) cies ee 27,309.52 
Membership ‘Commiuttedst apni) ccid« os eieciocae. 8,317.94 
Standards Gommmitteesryra-cmice micrlerenn 2 eee ee ever 2,830.96 
Eirrances@omrnsttee sy yceasek) aoeke oc ar anit er 275.89 AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Headquarters Committees... 0 -sos+70seeeas 96.07 
Code) Commi Crees. oie atevevekeeciseotwre enanecontuere enero, oealisye 60.00 RESERVE CAPITAL FPUND—REGISTERED SECURITIES 
ea Wal OmmaaI bere Nays Alene pte eteis(siele «acon s nletotohe Gast 526.97 
Edison’ Medal Committee... 3...... 00.00 se0 cue 261.51 AprRiIL 30, 1925 
Geographical Districts Expense: 

Traveling Expense—Executive 

Gomimitteesterea-cincn ns tone $ 857.84 Exarpit A. 

Traveling Expense—Vice-Presi- 

CAEN ES Ee eve waters, 31 Crave ne telat ons ego" cuss 115.30 

Pirst Paper Prize. ecsaisce veletse 25.00 998.14 SCHEDULE No. 1. 

American Engineering Standards Committee..... 1,500.00 ’ Re Par Value BookValue 
International Electrotechnical Commission....... 480.68 The Detroit Edison Company Ist and Refunding, 6% 
United States National Committee of Inter- Series ““B’’, Gold Bonds, Due LOA .() seteyatess oe stet caahelis cones $ 5,000.00 $ 5,178.13 

national Commission on Illumination.......... 300.00 The New York Central Railroad Company, 5%, 

President’s Special Appropriation............... 1,975.01 Refunding and Improvement Mortgage Bonds, 
Board of Directors—Mileage...........-+++-s++ 3,133.90 Series eae Due 2013.. seeeese pitt e teeter eee es 6,000.00 5,742.50 

DMOmOray, CCRC CATV atstels lola cote tele te) seer Meher eta eels 4,000.00 Chicago, Burlington & Quincy Railroad Company 5%, 

John Fritz Medal Award............0..02-0000: 323.02 Ist and Refunding Mortgage, Gold Bond, 
Mransmission’ Prize, 19230 oe elcjeretotelere loners teray's ote 3 100.00 Series “A,”” Due 1971 Si ic cc ci 1,000.00 1,010.00 

Engineering Societies Library—Maintenance..... 8,000.00 Great Northern Railroad Company 5%%, General 
United Engineering Society Assessment.........- 4,860.00 Mortgage, Gold Bonds, Series ‘‘B,’’ Due 1952. tence 10,000.00 9,847.50 

American Engineering Council................. 15,887.00 Southern Railway Company 5%, Ist Consolidated 
Engineering Societies Employment Service....... 1,635.00 Mortgage, Gold Bond, Due 1994. BIE OSA INAS 1,000.00 980.00 

International Annual Tables..................- 100.00 City of Wilmington, Delaware, Sinking Fund Loan, 
SP ADGACTIONS + LINGER e. syetare ofohe late ersisvelie ers scateneha/= 200.00 44%, Series 159, Due 1934. ......6.. 6.20. s cee ae 15,000.00 15,469.21 

World’s Power Conference. ......3..... 00000000 1,200.00 The Western Electric Company 5% Bonds, Due April 
NS en eS OReE son tori Dor eon ac « 10,000.00 9,818.75 

FT O GALS ois, vo: shay ohocsis lene wie ehh oie cela aaa tve eae 275,886.47 United States Third Liberty Loan 444% Bonds, Due 
—_—_—_— VOD: sayerav ase ds, eterenniacareraistee eta pepeia se eet terol 10,000.00 10,000.00 
Nes PNCOMIC (FORWARD) oc. seisicrc eis ain inlele oisioincinee $24,986.62 —_————- 
*Includes $82,275.00 allocated to subscriptions for the JOURNAL. TOtal «.ic;03.0 Ficaeo\apotatey Med eiae ouetites teceaour oto $58,000.00 $58,046.09 
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Officers of A. TE. E. 1924-1925 


PRESIDENT 
FARLEY OSGOOD 


JUNIOR PAST-PRESIDENTS 
FRANK B. JEWETT HARRIS J. RYAN 


VICE-PRESIDENTS 


J. E. MACDONALD EDWARD BENNETT 

HERBERT S. SANDS JOHN HARISBERGER 

S. E. M. HENDERSON HAROLD B. SMITH 

H. E. BUSSEY L. F. MOREHOUSE 

WILLIAM F. JAMES H. W. EALES 

MANAGERS 

R. B. WILLIAMSON H. M. HOBART 

A. G. PIERCE ERNEST LUNN 

HARLAN A. PRATT G. L. KNIGHT 

WILLIAM M. McCONAHEY JOHN B. WHITEHEAD 

W. K. VANDERPOEL J. M. BRYANT 

H. P, CHARLESWORTH E. B. MERRIAM 

TREASURER SECRETARY 

GEORGE A. HAMILTON F. L. HUTCHINSON 
HONORARY SECRETARY GENERAL COUNSEL 

RALPH W. POPE PARKER & AARON 


PAST-PRESIDENTS—1884-1924 


*NORVIN GREEN, 1884-5-6. *SAMUEL SHELDON, 1906-7. 
*PRANKLIN L. POPE, 1886-7. *HeENRY G. Storr, 1907-8. 
*T. COMMERFORD MARTIN, 1887-8. Louis A. FERGusOoN, 1908-9. 
Epwarp WESTON, 1888-9. Lewis B. STILLWELL, 1909-10. 
E.inu THomson, 1889-90. DuGALp C. JAcKson, 1910-11. 
*WitttAmM A. ANTHONY, 1890-91. Gano Dunn, 1911-12. 

* ALEXANDER GRAHAM BELL, 1891-2. Ratpu D. MeErRSHON, 1912-13. 
FRANK JULIAN SPRAGUE, 1892-3. C. O. Maititoux, 1913-14. 
*EpWIN J. Houston, 1893-4-5. Paut M. Lincoin, 1914-15. 
*Louris DUNCAN, 1895-6-7. Joun J. Carty, 1915-16. 
*FRANCIS BACON CROCKER, 1897-8 H. W. Buck, 1916-17. 

A. E. KENNELLY, 1898-1900. E. W. Rice, Jr., 1917-18. 
Carv HERING, 1900-1. Comrort A. ApAms, 1918-19. 
‘#CHARLES P. STEINMETz, 1901-2. CALVERT TOWNLEY, 1919-20. 
Cuar.es F. Scott, 1902-3. A. W. BERRESFORD, 1920-21. 
Brion J. ARNOLD, 1903-4. WiILLiAM MCCLELLAN, 1921-22 
Joun W. Lies, 1904-5. FRANK B. JEWETT, 1922-23. 


*SCHUYLER SKAATS WHEELER, 1905-6 - Harris J. RYAN, 1923-24. 
*Deceased. 


LOCAL HONORARY SECRETARIES 


T. J. Fleming, Calle B. Mitre 519, Buenos Aires, Argentina, S. A. 
Carroll M. Mauseau, Caixa Postal No. 571, Rio de Janeiro, Brazil, S. A. 
Charles le Maistre, 28 Victoria St., London, S. W., England. 

A.S. Garfield, 45 Bd. Beausejour, Paris 16 E, France. 

H. P. Gibbs, Tata Sons Ltd., 24 Bruce Road, Bombay—1, India. 

Guido Semenza, 39 Via Monte Napoleone, Milan, Italy. 

Eiji Aoyagi, Kyoto Imperial University, Kyoto, Japan. 

Axel F. Enstrom, 24a Grefturegatan, Stockholm, Sweden. 

W. Eldson-Dew, P. O. Box 4563, Johannesburg, Transvaal, Africa. 


A. I. E. E. Committees 
GENERAL STANDING COMMITTEES 


EXECUTIVE COMMITTEE 


Farley Osgood, Chairman, 80 Park Place, Newark, N. J. 
H. P. Charlesworth, G. A. Hamilton, G. L. Knight, 
H. W. Eales, Frank B. Jewett, _W. K. Vanderpoel, 


FINANCE COMMITTEE 


G. L. Knight, Chairman, 360 Pearl Street, Brooklyn, N. Y. 
L. F. Morehouse, W. K. Vanderpoel. 


/ 


MEETINGS AND PAPERS COMMITTEE 
L. W. W. Morrow, Chairman, Electrical World, 10th Ave. & 36th St., New York, 
No, 
E. B. Meyer, Vice-Chairman, 
E. H. Huberi, Secretary, 33 W. 39th St., New York, N. Y. 
A. W. Berresford, H. W. Eales, R. B. Mateer, 
E. E. F. Creighton, J. E. Macdonald, F. W. Peek, Jr: 
Chairman of Committee on Coordination of Institute Activities. 
Chairman of Sections Committee. 
Chairman of Publication Committee. 
Chairman of Standards Committee. 
Chairmen of Technical Committees. 
Chairmen of Sections. 


PUBLICATION COMMITTEE 
Donald McNicol, Chairman, 132 Union Road, Roselle Park, N. J. 
F. L. Hutchinson, E. B. Meyer, L. W. W. Morrow. 
: L. F. Morehouse, : 


COMMITTEE ON COORDINATION OF INSTITUTE ACTIVITIES 
Frank B. Jewett, Chairman, 195 Broadway, New York, N. Y. 
F. L. Hutchinson, G. L. Knight, L. W. W. Morrow. 
Donald McNicol, 


BOARD OF EXAMINERS 
H. H. Norris, Chairman, 211 Lorraine Ave., Upper Montclair, N. J. 


Edward Bennett, Erich Hausmann, _ Donald McNicol, 
E. H. Everit, F. V. Magalhaes, N. L. Pollard, 
F. M. Farmer, W. I. Slichter. 


SECTIONS COMMITTEE 
Harold B. Smith. Chairman, Worcester Polytechnic Institute, Worcester, Mass. 
C. E. Magnusson, Vice-Chairman, ‘ 
A. W. Berresford, H. H. Henline, Herbert S. Sands. 
Chairmen of Sections. 


COMMITTEE ON STUDENT BRANCHES 
C. E. Magnusson, Chairman, University of Washington, Seattle, Wash. 
F. S. Dellenbaugh, Jr., C. Francis Harding, Harold B. Smith. 
Charles F. Scott, 


MEMBERSHIP COMMITTEE 


E. E. Dorting, Chairman, 600 W. 59th Street, New York, N. Y. 

GC. E.. Baker, G. A. Kositzky, J. J. Pilliod, 

J. M. Drabelle, “HH. A. Lynette, EH. T. Phamb, 
C. E. Fleager, E, B. Meyer, J. F. Warwick, 
S. E. M. Henderson, L. S. O' Roark, J. L. Woodress. 


A. L. Penniman, 
Chairmen of local membership committees. 


HEADQUARTERS COMMITTEE 
E. B. Craft, Chairman, 463 West Street, New Yor, N. Y. 
F. L. Hutchinson, G. L. Knight. 
LAW COMMITTEE 
L. F. Morehouse, Chairman, 195 Broadway, New York, N. Y. 
H. H. Barnes, Jr., P. Junkersfeld, , Charles A. Terry. 
_R. F. Schuchardt, 
PUBLIC POLICY COMMITTEE 
H. W. Buck, Chairman, 49 Wall Street, New York, N. Y. 
A. W. Berresford, F. B. Jewett, William McClellan, 
Gano Dunn, John’ W. Lieb, Harris J. Ryan. 
COMMITTEE ON CODE OF PRINCIPLES OF PROFESSIONAL CONDUCT 
John W. Lieb, Chairman, 124 E. 15th Street, New York, N. Y. 
C. A. Adams, G. Faccioli, C. E. Skinner, 
A. H. Babcock, L. F. Morehouse, H. S. Wynkoop. 
George F. Sever, 
COMMITTEE ON SAFETY CODES 
Paul Spencer, Chairman, 1401 Arch Street, Philadelphia, Pa. 


Philander Betts, P. J. Howe, R. W. E. Moore, 
W. J. Canada, L. C. Isley, George Quinan, 
R. N. Conwell, M. G. Lloyd, Joseph Sachs, 

J. V.. B. Duter, Ernest Lunn, H. R. Sargent, 
R. C. Fryer, Wills Maclachlan, W. H. Sawyer, 
D. H. Gage, jC. Martin, M. L. Sindeband, 
H. B. Gear, J. E. Moore, H. S. Warren. 


STANDARDS COMMITTEE 
Executive Committee 


H. S. Osborne, Chairman, 195 Broadway, New York, N. Y. 

H. E. Farrer, Secretary, 33 W. 39th St., New York, N. Y. 

J. D. Bowles, A. M. MacCutheon, F. L. Rhodes, 

W. A. Del Mar, + J. Franklin Meyer, L. T. Robinson, 

H. M. Hobart, F. D. Newbury, C. H. Sharp, 

G. L. Knight, Harold Pender, C. E, Skinner. 
Ex-Officio 


President, U. S. National Committee, I. E. C., 
Chairmen of Working Committees of Standards Committee, 
Chairmen of A. I. E. E. delegations on joint standardizing bodies. 


COMMITTEES AND REPRESENTATIVES 


EDISON MEDAL COMMITTEE 


Appointed by the President for lerm of five years. 
Gano Dunn, Chairman, 


B. A. Behrend, W.L. R. Emmet, Robert A. Millikan, 


N. A. Carle, John H. Finney, M. I. Pupin, 
C. C. Chesney, Samuel Insull, C. S. Ruffner, 
D. E. Drake, John W. Lieb, F. A. Scheffler, 


W. C. L. Eglin, W.R. Whitney. 
Elecied by the Board of Directors from its own membership for term of two years. 
H. M. Hobart, L. F. Morehouse, Harold B. Smith, 
Frank B. Jewett, Harris, J. Ryan, W. K. Vanderpoel. 
Ex-Officio 
George A. Hamilton, Treasurer, 
F. L. Hutchinson, Secretary. 


Farley Osgood, President 


COMMITTEE ON AWARD OF INSTITUTE PRIZES 


L. W. W. Morrow, Chairman, Electrical World, 10th Ave. & 36th St., New York, 
N.Y: 


Donald McNicol, Percy H. Thomas. 


COMMITTEE ON COLUMBIA UNIVERSITY SCHOLARSHIP 
Francis Blossom, Chairman, 52 William Street, New York, N. Y. 


F. B. Jewett, W. I. Slichter. 
TECHNICAL COMMITTEES 
COMMUNICATION 


O. B. Blackwell, Chairman, 195 Broadway, New Yo-k, N. Y. 
F. L. Baer, Sergius P. Grace, F. A. Raymond, 


H. P. Charlesworth, P. J. Howe, Chester W. Rice, 

L. W. Chubb, F. H. Kroger, J. K. Roosevelt, 

C. E. Davies, N. M. Lash, Edgar Russel, 

H. W. Drake, Ray H. Manson, H. A. Shepard, 

R. D. Evans, G. W. McRae, E. B. Tuttle, 

L. F. Fuller, R. D. Parker, F. A. Wolff, 

D. H. Gage, H. S. Phelps, C. A. Wright. 
EDUCATION 

Harold Pender, Chairman, University of Pennsylvania, Philadelphia, Pa. 

C. A. Adams, M. Maclaren, G. B. Thomas, 

P. H. Daggett, C. E. Magnusson, R. G. Warner, 

L. A. Doggett, H: }. Ryan, J. B. Whitehead, 

Lewis Fussell, Charles F. Scott, W. E. Wickenden, 

D. C. Jackson, Harold B. Smith, A. M. Wilson, 

P. M. Lincoln, R. W. Sorensen, W.R. Work. 


ELECTRICAL MACHINERY 


H. M. Hobart, Chairman, General Electric Co., Schenectady, N. Y. 

C. A. Adams, .G. Faccioli, R. F. Schuchardt, 
H. C. Albrecht, W. J. Foster, C. E. Skinner, 

B. F. Bailey, V. Karapetoff, A. Still, 

B. A. Behrend, A. M. MacCutcheon, A. H. Timmerman, 
James Burke, F. D. Newbury, P. Torchio, 

L. L. Elden, J. M. Oliver, R. B. Williamson. 


John C. Parker, 


ELECTROCHEMISTRY AND ELECTROMETALLURGY 
George W. Vinal, Chairman, Bureau of Standards, Washington, D. C. 


A. M. Hamann, W. A. Moore, John B. Whitehead, 

Carl Hering, W. E. Moore, C. D. Woodward, 

E. T. Moore, J. A. Seede, J. L. McK. Yardley. 
ELECTROPHYSICS i 


J. H. Morecroft, Chairman, Columbia University, New York, N. Y. 


V. Bush, A. E. Kennelly, Harold Pender, 
R. E. Doherty, W. B. Kouwenhoven, C. W. Rice, 
Herbert Bristol Dwight, R. A. Millikan, J. Slepian, 


F, Wi Peek, jin; Harold B. Smith, 


J. B. Whitehead, 


C. Fortescue, 
V. Karapetoff, 


INSTRUMENTS AND MEASUREMENTS 


A. BE. Knowlton, Chairman, Dunham Laboratory, Yale University, New Haven, 
Conn. 
F. V. Magathaes, Vice-Chairman, 


A. S. Albright, R. GC. Bryer, L. T. Robinson, 

O. J. Bliss, C. M. Jansky, Joseph Sachs, 

H. B. Brooks, P. M. Lincoln, Byron W. St. Clair, 
R. P. Brown, W. M. McConahey, G. A. Sawin, ; 
J. R. Craighead, Wm. J. Mowbray, Benjamin H. Smith, 
E. D. Doyle, H. S. Vassar. 


APPLICATIONS TO IRON AND STEEL PRODUCTION 


F. B. Crosby, Chairman, Morgan Construction Co., 15 Belmont St., Worcester, 
Mass. 

E. Gordon Fox, 

E: S. Jefferies, 


D. M. Petty, 
A. G. Pierce, 


, G. E. Stoltz, 
J. D. Wright. 


PRODUCTION AND APPLICATION OF LIGHT 
G. H. Stickney, Chairman, Edison Lamp Works, G. E. Co., Harrison, N. J. 


W. T. Blackwell, 
J. M. Bryant, 
H. W. Eales, 

F. M. Feiker, 

F. F. Fowle, 


A. S. McAllister, 


G. €. Hall, 
H. H. Higbie, 


P. S. Millar, 


F, H. Murphy, 


Charles F. Scott, 


B. E. Shackelford, 
W. M. Skiff, 


C. J. Stahl. 


APPLICATIONS TO MARINE WORK 


L. C. Brooks, Chairman, Bethlehem Shipbuilding Corp., Quincy, Mass. 
H. Franklin Harvey, Jr., Vice-Chairman, 


R. A. Beekman, 

J. F. Clinton, 

M. W. Day, 

C. S. Gillette, 

Wm. Hetherington, Jr., 


H. L. Hibbard, 
William F. James, 


W. F. Meschenmoser, 


J. S. Jones, 
M. A. Libbey, 


I. H. Osborne, 


Arthur Parker, 
G. A. Pierce, 
H. M. Southgate, 


W. &E. Thau, 


A. E. Waller. 


APPLICATIONS TO MINING WORK 
F. L. Stone, Chairman, General Electric Co., Schenectady, N. Y. 


R. T. Andrae, 
C. N. Beebe, 
M. C. Benedict, 
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H. W. Eales, 


L. ‘C. Isley, 


G. M. Kennedy, 
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H. W. Eales, 
Louis Elliott, 
W.L. R. Emmet, 
Walter S. Finlay, 
N. E. Funk, 

C. F. Hirshfeld, 


. E. Waller, Chairman, Ward Leonard Electric Co., Mt. Vernon, N. Y. 
. M. MacCutcheon, Vice-Chairman, 


W. B. Hall, T. D. Montgomery, 
H. D. James, H. W. Rogers, 
A. C. Lanier, A. F. Rolf, 
W. S. Maddocks, W. H. Timbie, 
W. C. Yates. 


POWER GENERATION 


Francis Hodgkinson, 
Peter Junkersfeld, 
H. A. Kidder, 

J. T. Lawson, 

W. H. Lawrence, 
GrOl Lenz, 

James Lyman, 

W. E. Mitchell, 

J. E. Mouitrop, 


M. M. Samuels, 
F. A. Scheffler, 
R. F. Schuchardt, 
Arthur R. Smith, 
N. Stahl, 

B. Tikhonovitch, 
W. M. White. 


POWER TRANSMISSION AND DISTRIBUTION 


Percy H. Thomas, Chairman, 120 Broadway, New York, 


P. H. Chase, Vice-Chairman, 
R. N. Conwell, Vice-Chairman, 


R. W. Atkinson, 

A. O. Austin, 

F. G. Baum, 

O. H. Bundy, 
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. H: Cole, 

M. T. Crawford, 

F. S. Dellenbaugh, Jr., 


J. P. Jollyman, 
A. H. Kehoe, 

W. G. Kelley, 

L. M. Klauber, 
Ciebi eKenatt, 

W. W. Lewis, 

W. E. Meyer, 
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. M. Perry, 

. S. Phelps, 
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. W. Roper, 
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. E. Silver, 
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W. A. Del Mar, Clifford R. Oliver, M. L. Sindeband, 

L. L. Elden, G. C. Oxer, H. C. Sutton, 

R. D. Evans, J. (Cs Parker: W. K. Vanderpoel, 

F. M. Farmer, E. P. Peck, C. T. Wilkinson, 

C. D. Gray, R. J. C. Wood. 
PROTECTIVE DEVICES 

H. R. Woodrow, Chairman, 360 Pearl Street, Brooklyn, N. Y. 

E. C. Stone, Vice-Chairman, 

A. F. Bang, George S. Humphrey, W.H. Millan, 

G. H. Bragg, F. L. Hunt, J. M. Oliver, 

P. H. Chase, B. G. Jamieson, N. L. Pollard, 

L. B. Chubbuck, J. Allen Johnson, D. W. Roper, 

R. N. Conwell, H. ‘C. Louis, A. J. Rutan, 

W. A. Del Mar, M. G. Lloyd, C. H. Sanderson, 

W. S. Edsall, B. R. Mackey, E. R. Stauffacher, 


F. C. Hanker, 
S. E. M. Henderson, 


A. A. Meyer, 


RESEARCH 


H. R. Summerhayes, 


A. H. Sweetnam. 
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John B. Whitehead, Chairman, Johns Hopkins University, Baltimore, Md. 


Edward Bennett, 
V. Bush, 

E. H. Colpitts, 

E. E. F. Creighton, 
W. A. Del Mar, 

B. Gherardi, 


Harold Pender, 


C.L. Hall, 

V. Karapetoff, 
A. E. Kennelly, 
M. G. Lloyd, 
F. W. Peek, Jr., 


E. W. Rice, Jr., 
D. W. Roper, 

C. H. Sharp, 

C. E. Skinner, 
Harold B. Smith, 


R. W. Sorensen. 
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A. I. E. E. Representatives 


ON AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIENCE 


COUNCIL 


A. E. Kennelly, John B. Taylor. 


ON AMERICAN BUREAU OF WELDING 
H. M. Hobart. 


ON AMERICAN COMMITTEE ON ELECTROLYSIS 
B. J. Arnold, N. A. Carle, F. N. Waterman. 


ON AMERICAN ENGINEERING COUNCIL 


Comfort A. Adams, *D. C. Jackson, Charles F. Scott, 
C. G. Adsit, *Frank B. Jewett, *C. E. Skinner, 
H. W. Eales, William McClellan, L. B. Stillwell, 
*John H. Finney, *L. F. Morehouse, Calvert Townley, 
F. L. Hutchinson, E. W. Rice, Jr., R. B. Williamson. 
*Members of Administrative Board. 


ON AMERICAN ENGINEERING STANDARDS COMMITTEE , 


H. M. Hobart, H. S. Osborne, C. E. Skinner. 
L. T. Robinson (Alternate) 


ON APPARATUS MAKERS AND USERS COMMITTEE 
C. E. Skinner. 


ON BOARD OF TRUSTEES, UNITED ENGINEERING SOCIETY 
H. H. Barnes, Jr., Bancroft Gherardi, H. A. Lardner. 


ON CHARLES A. COFFIN FELLOWSHIP AND RESEARCH FUND 
COMMITTEE 
Harris J. Ryan. 


ON ENGINEERING FOUNDATION BOARD 
Frank B. Jewett, L. B. Stillwell. 


ON JOHN FRITZ MEDAL BOARD OF AWARD 


A. W. Berresford, William McClellan, 
: Frank B. Jewett, 


Harris J. Ryan. 


ON JOINT CONFERENCE COMMITTEE OF FOUNDERS SOCIETIES 
The Presidents and Secretaries, ex-Officio 


ON LIBRARY BOARD OF UNITED ENGINEERING SOCIETY 
Edward D. Adams, F. L. Hutchinson, W. I. Slichter. 
E. B. Craft, Alfred W. Kiddle, 


ON NATIONAL FIRE PROTECTION ASSOCIATION, ELECTRICAL 
COMMITTEE 
The Chairman of the Institute’s Committee on Safety Codes. 
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ON NATIONAL FIRE WASTE COUNCIL 


John H. Finney, H. B. Gear. 


ON NATIONAL RESEARCH COUNCIL, ENGINEERING DIVISION 


Bancroft Gherardi, A. E. Kennelly, 


F. L. Hutchinson, ex-Officio. 


E. W. Rice, Jr., 


ON SOCIETY FOR THE PROMOTION OF ENGINEERING EDUCATION 
BOARD OF INVESTIGATION AND COORDINATION 


Gano Dunn, 


Frank B. Jewett. 


ON U. S. NATIONAL COMMITTEE OF THE INTERNATIONAL 


ILLUMINATION COMMISSION 
Clayton H. Sharp. 


A. E. Kennelly, C. O. Mailloux, 


ON WASHINGTON AWARD, COMMISSION OF 


John Price Jackson, 


Charles F. Scott. 


ON WORLD’S CONGRESS OF ENGINEERS, PHILADELPHIA 1926. 


BOARD OF MANAGEMENT | 
C. E. Skinner. 


Paul M. Lincoln, 


ON U. S. NATIONAL COMMITTEE OF THE INTERNATIONAL 
ELECTROTECHNICAL COMMISSION 


Clayton H. Sharp, President, 556 E. 80th St., New York. 


6S. G. Rhodes, Secretary, 124 E. 15th St., New York, 


C. A. Adams, H. W. Fisher, F. D. Newbury, 
P. G. Agnew, 4Som. C. S, Gillette, H. S. Osborne, 
8C. A. Bates, 8Gen. G. H. Harries, Farley Osgood, 
George K. Burgess, H. M. Hobart, L. T. Robinson, 
1James Burke, D. C. Jackson, D. W. Roper, 
J.J. Carty; A. E. Kennelly, 38Gen. C. Mck. Saltzman, 
L. W. Chubb, G. L. Knight, 8H. R. Sargent, 
8Le Roy Clark, 5R. A. Lundquist, C. EF. Scott, 

1C, L. Collens, 2d, F. V. Magalhaes, C. E. Skinner, 
W. A. Del Mar, C. O. Mailloux, Elihu Thomson, 
A. L. Doremus, A. S. McAllister, 1A. E. Waller, 


Gano Dunn, A. H. Moore, 
18L. L. Elden, 8R. W. E. Moore, 
1Representative of Electric Power Club. 


2C. L. Warwick, 
R. B. Williamson. 


2Representative of American Society for Testing Materials. 


3Representative of War Department. 
4Representative of Navy Department. 


5Representative of Bureau of Foreign and Domestic Commerce. 


6Representative of National Electric Light Association. 
7Representative of Bureau of Standards. 


8Representative of Associated Manufacturers of Electrical Supplies. 
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G. S. Humphrey 
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Linsley W. Ross 
F. N. Tompkins 
E. A. Reinke 
Cris H. Kraft 
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C. E. Mong 
Harold C, Leonard 
Joseph Wimmer 
J. Frank Murray 
L. N. Street 

Max Neuber 

W. L. Amos 
Charles A. Keener 
John Salberg 

A. Vilstrup 
Frank R. Mueller 
Fred B, Crosby 
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Alabama Poly Inst., Auburn, Ala. R. A. Betts A. E. Duran Nebraska, Univ. of, Lincoln, Neb. H. Edgerton O. A. Andrews 
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Marquette Univ., Milwaukee, Wis. W. J. Hebard 
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Angeles, Calif. H. A. McCarter 
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Calif. M. L. Wiedmann 


Swarthmore Coll., Swarthmore, Pa. A. L. Williams 
Syracuse Univ., Syracuse, N. Y. E. J. Agnew 
Tennessee, Univ. of, Knoxville, Tenn. S. R. Woods 
Texas A. & M. Coll., College Station A. A. Ward 


Texas, Univ. of, Austin, Tex. G. C. Hengy 
Utah, Univ. of, Salt Lake City, Utah I. J. Kaar 
Virginia Military Inst., Lexington H. F. Watson 


F. L. McClung 
T. S. Martin, Jr. 
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